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ABSTRACT

One-dimensional compression of sand with lateraksst measurement allows for
laboratory determination of the coefficient of lalepressure at re¥€,. Commonly used

to define the initial state of stress in soil whecelateral strain occurk, is calculated as
the ratio of horizontal to vertical effective stsesThe present study aims to investigate
the role of initial particle fabric in one-dimensal compression and to determine the

effect of fabric on the coefficient of lateral psase at rest in Fraser River sand.

One-dimensional compression with lateral stress someanent was carried out on
reconstituted Fraser River sand specimens usingsaérumented oedometer. Laboratory
specimen reconstitution methods were developedderao construct different particle

fabrics. Three different techniques were utilizadt: pluviation, tamping and vibration.

In addition, the effects of initial relative derysand loading history on the compression
response were evaluated. Each one-dimensionalressipn test was executed in three
distinct phases: virgin loading, unloading and aeiag. The key results from the testing

program were compared with current methods avalédl estimation oK.

The results from the present study show that spmwsmresulting from different
laboratory reconstitution methods (i.e., initialrgpee fabrics) exhibit different one-
dimensional compression responses. For Fraserr Rsaad in one-dimensional
compression, air-pluviated specimens vyield the ésgK, values, tamped specimens
produce the lowed{, values and vibrated specimens rank intermedid&h increasing
initial relative density, regardless of the initispecimen preparation method, the
measure, values generally decrease. Upon reloading, med&uyrvalues are slightly

reduced from those observed during virgin loading.

Furthermore, results from the present study indithat the current methods commonly
used for determination d¢f, do not necessarily provide suitable estimatiomsvériable
granular particle fabrics arising from differentespnen reconstitution techniques. A
new method for determination &f, is proposed, as a function of the constant-volume

friction angle, initial relative density and a facticcounting for the initial particle fabric.
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1 INTRODUCTION

1.1 Purposeof the study

The coefficient of lateral pressure at ré&t, is a parameter used to define the initial state
of stress in soil. For in-situ deposits where ateral deformation occurs, the state of

stress is termed “at-rest.” The at-rest conditsodescribed by the following equation:

K,=—"; where g, =horizontal effective pressure

o, = vertical effective pressure
Eq. 1.1
While the vertical effective stress can be easidfineated for a given depth of
overburden, the horizontal effective stress is mmex function of the soil type and
structure, as well as geologic history (MitchellS%ga, 2005). The coefficient of lateral
pressure at rest allows for the determination efithsitu horizontal effective stress and

therefore, is an important parameter in engineeai#gign.

A valuable tool used in the investigation of sahlviour is laboratory element testing.
Through soil testing in a controlled laboratory tiegf, researchers aim to better
understand how and why a soil behaves as obsenvix ifield. Ultimately, knowledge
gained in the laboratory can be translated intetma engineering design by helping
predict the behaviour of soils in-situ.

The purpose of this study is to investigate theeaffof initial particle fabric on the
behaviour of granular soil, specifically Fraser @&ivsand, in one-dimensional
compression. Laboratory specimens of Fraser Reserd were prepared by three
different reconstitution methods over a range otiah relative densities. One-
dimensional compression responses were comparespéaimens comprised of identical
granular material and packing density but prepdmedissimilar reconstitution methods
(i.e., initial particle fabrics). Special attentiovas paid to the influences of specimen
densification and to the effects of loading histonythe stress state during compression.



1.2 Organization of thisthesis

Chapter 2 presents a review of literature pertgiminthe coefficient of lateral pressure at
rest. Notable studies df, in granular soils are discussed and current msttod
determination ofK, are presented. Additionally, the concept of ‘et fabric” in
granular soil is introduced, and the developmerfabfic in reconstituted soil specimens
is reviewed. Finally, the role of particle fabmcone-dimensional compression of sand is

discussed.

Chapters 3 and 4 present the experimental aspédiseopresent study. Chapter 3
outlines the testing apparatus and procedure. ,Als® testing program is identified.
Chapter 4 discusses the development of the specietamstitution techniques for the

present study, in the context of relevant literatur

The results from one-dimensional compression tgsifrFraser River sand are presented
in Chapter 5. Results are organized accordinghto greparation method used to
reconstitute the test specimens. Observed eftéctpecimen densification and loading

history on the compression response are presented.

Chapter 6 offers an in-depth analysis and discassidhe one-dimensional compression
test results. Primarily, the role of initial paté fabric in the behaviour of sand in one-
dimensional compression is explored. Further, rdsilts from the present study are
compared with the methods iy determination from literature, and a new deternnoma

method is proposed.
Chapter 7 provides conclusions and recommendationsthe present study.

The full set of testing data is provided in Apperedi A, B and C.



2 LITERATURE REVIEW

2.1 Coefficient of lateral pressureat rest in granular soils

2.1.1 Background

Countless studies have been conducted to bettegrstadd the coefficient of lateral
pressure at rest. The first notable study attergpt quantifyk, was conducted by Jaky
(1944). The following equation was presented fetedmination of the coefficient of
lateral pressure at rest:

1+ gsinqz)
K, =(1-sing)—=>——; where ¢ =angle of internal friction
1+sing

Eq. 2.1

This equation was derived from theoretical analpdisa free-standing cone of granular
material (Jaky, 1944). Later, a simplified versiointhe relation was presented (Jaky,
1948):

K, =1-sing
Eq. 2.2

In 1967, two separate studies emerged, both aimedatuating the coefficient of lateral
pressure at rest through an empirical approachafAl1967; Schmidt, 1967). Similar
observations of the behaviour of soil in one-din@msl compression were made by both
authors. It was noted that during virgin loading, is generally constant. During
unloading, a rebound effect is observed #&gdincreases. If the soil is subjected to
recompressionk, is again affected, as an even more complex sstass is developed
(Alpan, 1967; Schmidt, 1967).

2.1.2 Effectsof loading history and densification

One of the most comprehensive studies concerniagdefficient of lateral pressure at

rest was presented by Mayne and Kulhawy (1982). arineffort to characteriz&,
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behaviour during virgin loadingK¢nd, unloading Koy) and reloading Kor), published
laboratory testing data was amassed for ninetemdifft granular soils from a variety of
sources. For granular soils under virgin loadititge reported coefficient of lateral
pressure at rest was plotted in relation to thectiffe stress friction angle,' (see Figure
2.1). It was concluded that the formula introdudsd Jaky (1948) (Eg. 2.2) was
“moderately valid” for normally consolidated, colmdess soils (Mayne & Kulhawy,
1982).
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Figure 2.1. Relationship betwelg,. and effective friction angle (modified from Mayne
& Kulhawy, 1982)

For granular soils experiencing unloading, Maynd &wlhawy (1982) observed the
coefficient of lateral pressure at rest to be afiom of the overconsolidation ratio (OCR)
and the effective stress friction angle. This obst#on stemmed from a relation
originally proposed in a study by Schmidt (1967hondentified the following equation

for soils during unloading:



Koy = KonclOCR?;  where a =at-rest rebound parameter

Eqg. 2.3

For sands, the at-rest rebound paramefew@s empirically shown to be a constant value
between 0.3 and 0.5 (Schmidt, 1967).

Mayne and Kulhawy (1982) utilized linear regressioralyses to determinevalues for

their catalogued data. Figure 2.2 plots thesalues against the effective friction angle.
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Figure 2.2. Relationship betweerand effective friction angle (modified from May&e
Kulhawy, 1982)

Although Figure 2.2 appears tentative, it was cahet! that the: parameter proposed by
Schmidt (1967) was roughly equalsm¢' for granular soils (Mayne & Kulhawy, 1982).

Therefore, th&,, can be expressed as the following:

K,y = (1-sing)OCRS"?
Eq. 2.4



For granular soils during reloading, Mayne and lawly (1982) were able to derive an
empirical relationship for the coefficient of laakipressure at rest, though markedly less
test data was available. Using the concept ofamresolidation ratio, a new stress history
parameter, OCRy Was conceived for this purpose, as defined bydthewing equation:
o
OCR,,, = %

v,min

where o, =maximum vertical effective pressure previously exgeed by the soil

V,max

T, min =Minimum vertical effective pressure to which thd s@s unloaded
Eqg. 2.5

Consistent with available test data, Mayne and Kwh (1982) assumed a linear
relationship between the horizontal and verticéaive stresses in reloading. A reload
coefficient (n) was used to describe the slope of the observeshiieffective stress

relationship. The resulting equation is as follows

_ OCR _ OCR ), _ -
Ko = KO”{WJ + mr(l Wj ;where m, =reload coefficient

max max

Eq. 2.6

Empirically, the reload coefficientry) was determined to be a function of the effective
friction angle orK, during virgin loading (see Figure 2.3). Therefotlee m can be

expressed as the following:

m = Gj(l— sing) = GjKonc

Eq. 2.7
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Figure 2.3. Relationship betwesnand effective friction angle d¢,n. (modified from
Mayne & Kulhawy, 1982)

Combining the equations for the coefficient of tatepressure at rest during virgin
loading, unloading and reloading from Mayne and hawy (1982), the following

general equation results:

max max

| OCR ). 3(, OCR
o= (1_Sm¢)HOCR(1'S‘”“’)]+Z[1_ OCR H
Eqg. 2.8

It should be noted that a degree of uncertaintgtexn the conclusions drawn by Mayne
and Kulhawy (1982). Particularly, the authors amkiedge in their paper that the
effective friction angles reported by the varioasaarchers were determined by variable,

unspecified methods and as such, may be unsuitabdgrect comparison.

More recently, a study investigating the coeffitiehlateral pressure at rest in granular

materials was conducted by Mesri and Hayat (1993)ecial attention was paid to the



nomenclature employed in discussion of the coeifficiof lateral pressure at rest, in an
effort to more accurately discern the applicabibfyquantitative relationships presented

in related literature.

First, Mesri and Hayat (1993) noted that the Jakyntlations for the coefficient of
lateral pressure at rest (Eq. 2.1, Eqg. 2.2) wetended for use with the friction angle

equal to the angle of repose, or the constant-velwfiective friction angle ¢, ).

Therefore, Jaky’'s equations could arguably onlpbese for granular soils not subject to

densification, wherey= ¢_,. Often, laboratory testing described in literatimvolves

densified granular soils and hence, should notJsuated with Jaky’s formulations.
The Mayne and Kulhawy (1982) paper does not maisedistinction (Mesri & Hayat,
1993).

With this in mind, Mesri and Hayat (1993) estaldidla more decisive paramet&g,,
the coefficient of lateral pressure at rest for &mel-of-primary loading of sedimented,
normally consolidated clays and granular soils sobject to densification. Jaky’'s

simplified relation (Eg. 2.2) then becomes:

Kop =1-sing,
Eq. 2.9

More prominently, Mesri and Hayat (1993) challengfeel equation presented by Mayne
and Kulhawy (1982) for the coefficient of laterakpsure at rest during unloading (Eg.
2.4). The parameter from Schmidt’'s original equation (Eq. 2.3) was doded by
Mayne and Kulhawy (1982) to be a function of th&eetve friction angle of the soil.
Instead, Mesri and Hayat (1993) contended éhatas independent of the initial density
(i.e., effective friction angle) and was actuallfuaction of the constant-volume effective
friction angle. Graphical evidence supporting ttlism from a limited number of one-
dimensional compression tests is presented in €igur.
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Hence, the equation fét,, may be expressed as:

Koy = (l—sinq);\,)OCR”; where a =sing,
Eq. 2.10

Lastly, a new parameter closely relatedtovas established by Mesri and Hayat (1993).

(0]
The parameteK describes the coefficient of lateral pressureest defined by the slope
of the horizontal versus vertical effective strggst in one-dimensional compression,
such that:

0 I ' - . . -
K = Aa,j . where 4o =incremental increase in effective stress

Ao

\

Eq. 2.11

From Mesri and Hayat (1993), the following obseiofd of & in one-dimensional

(0]
compression were presented. For virgin loadinguari-densified granular soil¥ is

equal toKy. When granular soils are densified and subsetyusobjected to one-

(0]
dimensional compression from', = ¢', =0, K can be estimated from Jaky’s formula



(Eq. 2.2), using the densified or effective fricti@angle ¢'). For granular soils in

[o] [0}
recompression, a stiffer response is observedkargdreduced to equaK:. Mesri and

(0]
Hayat (1993) presented the following equation &ating K to Ko:

[o]

0 o' . .
Ky = Kr+—lp(KOp - Krj , Where o', =preconsolidation pressure
UV

Eqg. 2.12

(0]
Therefore, for a given sand, the greatésvalue is observed at the loosest condition, and
(0]
the leastK value is observed at the densest condition. Heweat high pressures when

grain crushing occursl% has been shown to increasextq, (Mesri & Hayat, 1993).

Despite the empirical evidence presented by varregearchers in general support of
Jaky’'s original theory (Eqg. 2.2), the theoreticalsis for the formulation is still being

called into question. Michalowski (2005) performadigorous critique of the stress
distribution in a wedge-shaped prism of loose, gl@nmaterial. It was concluded that
not only was Jaky’s equation an unrealistic repreg®n of a highly variable stress state,
but also, the stress state of a wedge-shaped jsismrelated to the typical stress path
observed in one-dimensional compression. In otleeds, despite the reported empirical
evidence, there is no rational basis for the appba of Jaky’s equation to describe the

coefficient of lateral pressure at rest (Michaloiy&K05).
2.2 Particlefabricin reconstituted sand specimens

According to Oda (1972), the patrticle fabric ofrargular media may be described as “the
spatial arrangement of solid particles and assetiatoid.” For a homogeneous
specimen, the orientation of individual particlesdahe relative configuration of the
particles collectively define the specimen fabrim general, initial particle fabric is a
function of both characteristic grain shape andcispen reconstitution method.
Moreover, studies have shown that soil's mechamegponse is often a function of its
particle fabric (Oda, 1972a).

10



The fabric of a soil specimen is inherently probd¢icto directly observe. To examine
fabric attributes both qualitatively and quantitety, soil specimens are often preserved
and dissected by a variety of methods. Genergtigy to preservation, any pore fluids
present in the specimen must be removed. A regahastic may then be injected into the
specimen voids and allowed to harden. It is @itio preclude any disturbance to the
particle fabric during impregnation and curing. d®mpreserved, the specimen may be
sawed into various sections, which are polishedessled. Microscopic imaging is then
performed on representative sections to measur@ graentations or other fabric
characteristics (Mitchell & Soga, 2005).

In addition, it has been shown that the mechanmesponse of soil specimens can be
directionally dependent upon the applied loadinglgO1972a). In the present study,
which utilizes one-dimensional compression testlngding and deformations occur in

the vertical direction only. Therefore, the streggin response of the specimen will be

influenced primarily by the fabric characteristaisserved in the vertical plane.

At this time, it is important to acknowledge thenpery goal of specimen reconstitution
in the laboratory. Unlike cohesive soils which nteysampled intact from the field for
use in laboratory testing, it is remarkably difficand expensive to obtain undisturbed
granular samples. Instead, researchers must wetrigsturbed samples and then
reconstitute the material in a laboratory settingdeally, the particle fabric of the
reconstituted specimen should mimic the fabric leixédd naturally in the field.

Similarly, particle fabric may also be modeled afthe fabric generated by field

compaction methods.
2.21 Air pluviation method

Pluviation, through air or water, is a reconstduatitechnique often used to imitate
natural, alluvial deposition in the field. The rhaaical deposition process of air-
pluviated sand may be idealized as the free-fallmdpaviour of identical spheres.
However, this model does not account for non-sphegrains, particle variability and
particle interference during deposition (Vaid & Niegey, 1984).

11



Given that many sands have a significant amountiabfor elongated patrticles, it is
important to account for this characteristic wh@msidering pluviation behaviour. If
ellipsoidal particles are deposited freely throulgla air under the influence of gravity,
more particles will tend to deposit with their loages normal to the direction of free-fall.

Consequently, anisotropic fabric is developed (Mabdh& Mitchell, 1974).

Mahmood and Mitchell (1974) investigated the d#éfar granular fabrics formed by
various specimen reconstitution techniques. Ciuislasalt specimens were prepared by
simple pouring, static compaction with a piston asyghamic compaction from a
vibrating table. Prepared specimens were presamddjrain orientations in the vertical
plane were measured. Poured specimens, compatabbér-pluviated specimens,
exhibited a strongly preferential grain orientatianth the long particles axes normal to
the vertical plane. This effect is likely due hetaforementioned behaviour of ellipsoids
in free-fall (Mahmood & Mitchell, 1974).

2.2.2 Tamping method

Tamping is a reconstitution method often used tdait® field compaction techniques.
Tamping or sheepsfoot rollers are commonly usedcfampacting layers of fills in

engineering practice (Terzaghi, Peck, & Mesri, 1996

For specimens prepared with tamping, the compaeifet imposed on the specimen
results in a rearrangement of grains into a confiion which better resists applied
normal stresses. Tamping, in specific, enactseadamensional deformation force which
is resisted by particle friction and interlockin@ensification occurs by slippage at grain

contacts and some overturning of particles intalsgMahmood & Mitchell, 1974).

In their study, Mahmood and Mitchell (1974) noteddarate anisotropy for crushed
basalt specimens prepared with static compactidorna of tamping. A weakly bimodal

preferential grain orientation was observed at 8866 from the horizontal.

12



2.2.3 Vibration method

Similar to tamping, vibration may be used to imatafield compaction methods.
Vibratory rollers and vibrating-plate compactors aften used for compacting layers of
fills in the field (Terzaghi et al., 1996).

For specimens prepared by vibration, grains areraeged into a more stable
configuration, but by a different densification rmaoism than observed in tamping. The
pulsating force imposed by a vibrator induces aopi&r decrease of the energy barriers
created by patrticle interlocking and friction (Mabod & Mitchell, 1974).

In their study, Mahmood and Mitchell (1974) observpractically random grain

orientations in crushed basalt specimens preparetbbation.

It should be noted that the research by otherdbbas presented herein solely to promote
an understanding of how diverse reconstitution w#thgenerate unique fabrics. There
is no evidence to suggest that the specimen fafioos the studies described in Chapter
2.2 will be replicated by the reconstitution methgoerformed in the present study.

Particle fabric is shown to be highly sensitiveghie granular material used, the specimen
container and the exact preparation technique.y @din impregnation, sectioning and

microscopic observation of the specimen in questian define its particle fabric with

certainty.
2.3 Roleof particlefabricin response behaviour of sand

The influence of the initial particle fabric gene@ by a specific preparation method may
be detected through distinctions in the soil's naental response. Earlier studies
addressing the effects of fabric on specimen respdocused primarily on liquefaction
behaviour (Ladd, 1974; Mulilis, Seed, Chan, Mitth& Arulanandan, 1977). For the
present study, the influence of initial particléirfia@ on the one-dimensional compression

response of sand is of interest.

Mahmood, Mitchell and Lindblom (1976) presented avfethe first investigations
focused on fabric effects in one-dimensional corsgi®lity of clean, uniform sand. A

13



primitive instrumented oedometer-type device wasigieed to conduct one-dimensional
compression tests of reconstituted Monterey saedisgns. Specimens were prepared
in a dry condition, by either air pluviation or vation. Limited test results indicated that
measure&, values decreased with increasing density. Moned&gevalues for vibrated
specimens were less than those for air-pluviatedispens at a given density (Mahmood,
Mitchell, & Lindblom, 1976).

In 1984, Okochi and Tatsuoka conducted a seriesKgtonsolidation tests on
reconstituted sand specimens using a triaxial @psr Toyoura sand, a uniform, clean,
angular sand, was selected as the test materipécirSens were reconstituted by two
different methods, air pluviation of dry sand argnping of moist sand (Okochi &
Tatsuoka, 1984).

From Figure 2.5, test results yielded slightly &rl§, values for air-pluviated specimens
of a given initial density than for tamped specisefthe same density. This deviation
indicates a relationship between the virgin loadipgcimen response in one-dimensional

compression and the reconstituted particle fabric.
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Figure 2.5. Relationship betwekp and initial relative density for different partcl

fabrics (o', = 200 kP9 (modified from Okochi & Tatsuoka, 1984)
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Using these test results, Okochi and Tatsuoka (188#dqued the applicability of the
Jaky (1948) relation foK, as a function of the effective friction angle dhgyivirgin
loading (Eq. 2.2). Strictly speaking, the testuttssindicated Jaky’s formulation was
inaccurate becaus€, varied with reconstituted particle fabric whileetbffective friction
angle did not. The effective friction angle foryboira sand was shown to be a function
of initial void ratio alone. However, the authasknowledged that such a rigorous
critigue may be inappropriate, due to the limitaoassociated with laboratory
determination of the effective friction angle. was the authors’ opinion that overall,
Jaky’'s equation provided a suitable estimationKgrduring virgin loading (Okochi &
Tatsuoka, 1984).

Similarly, different specimen response behavious whserved by Okochi and Tatsuoka

(1984) for air-pluviated and tamped specimens dutire unloading phase. Figure 2.6

illustrates this difference by plotting the at-resbound parameter versus the specimen’s
initial relative density. Recall from Schmidt (87 the at-rest rebound parameter)(

was used to define the coefficient of lateral puesst rest during unloading (Eq. 2.3).
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Figure 2.6. Relationship between and initial relative density for different parecl
fabrics (modified from Okochi & Tatsuoka, 1984)
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Using these results, Okochi and Tatsuoka (1984¢sassl the Mayne and Kulhawy
(1982) equation expressing as a function of the effective friction angle (Ej4).
Again, the test results indicated such a formutati@s inaccurate becaugevaried with
reconstituted particle fabric while the effectivietion angle did not. Even so, it was the
authors’ opinion that the Mayne and Kulhawy (1982uation provided a reasonable

approximation (Okochi & Tatsuoka, 1984).

In a similar study, Wanatowski and Chu (2008) penked K,-consolidation testing of
reconstituted sand specimens in a plane-straircdevChangi sand, a uniform, clean and
subangular sand, was selected as the test mat&macimens were reconstituted by two
different methods, water pluviation and moist tamgpj\Wanatowski & Chu, 2008).

In agreement with Okochi and Tatsuoka (1984), Wamski and Chu (2008) found that
Ko values from specimens prepared by moist tampinmg wsually lower than those from
specimens reconstituted by pluviation. Additiopail was observed thdt, values from
specimens prepared by moist tamping varied with ithgal relative density, with
increasingK, noted for decreasing density. For pluviated speos, however, no strong
relationship was noted betwedty and reconstituted relative density (Wanatowski &
Chu, 2008).

A final study of note examines the effect of fabaied particle shape df, of granular
materials using both experimental testing and #tezal micromechanical analysis (Guo
& Stolle, 2006). In the laboratory, Guo and Stq®®06) performed one-dimensional
compression testing on different mixtures of glheads of variable shape and surface
textures. The beads were carefully placed in th&tirtg apparatus, without any
densification. To compliment their testing prograBuo and Stolle (2006) assessed a
probabilistic theory originally proposed by Harr9gl/). The theory describes the
coefficient of lateral pressure at rest for a gtanumedium as a unique function of

particle geometry and distribution of contact nolsizetween particles (Harr, 1977).

Guo and Stolle (2006) concluded from their studst tihe coefficient of lateral pressure
at rest of granular materials depends on partltdge and arrangement, in addition to the

effective friction angle. Furthermore, the oriditta of the particle fabric with reference
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to the direction of one-dimensional compressioncigical. However, no unique

relationships betwee, and particle shape could be identified (Guo & I8t&2006).

When considering the effects of initial particlebfi@ on response behaviour, it is
imperative to recognize the evolving nature of fderic itself. Commonly, the inherent
or initial fabric upon specimen reconstitution niseydescribed by researchers. However,
once testing and specimen deformation commencespdtticle fabric begins to evolve
in response. This concept is termed “fabric retronion” (Oda, 1972b). As testing
progresses through loading and unloading phase®myitbecome increasingly difficult to
discern the influence of particle fabric alone. taly is the particle fabric continually
changing, but also, compression-induced densifinaand developing stress history

concurrently affect specimen response.

To better understand the mechanisms of fabric stoaction, advanced constitutive
models are currently being developed (Papadimitridafalias, & Yoshimine, 2005).
However, to successfully create such modellingstotiie complexity of particle fabric
must first be more thoroughly investigated in thbdratory. Therefore, extreme care
must be taken when attempting to decouple andgrgethe influences of both initial and

evolving particle fabric in laboratory element tegt
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3 EXPERIMENTAL ASPECTS: TEST APPARATUS
AND PROCEDURE

Different testing devices have been used in onesdsional compression testing,
including the triaxial apparatus and instrumentedlameter. Outlined here are the
general requirements for laboratory determinatibthe coefficient of lateral pressure at
rest (Bishop, 1958):

= The testing device commissioned should compressjleeimen in the vertical
direction, while fully constraining it in the hodatal direction;

= The setup should provide accurate measurement di Hwe vertical and
horizontal stresses experienced by the specimen;

= The boundaries imposing horizontal constraint sthoubt inflict any vertical
shear forces during compression testing; and

= For saturated testing, free-draining boundariestnes maintained to prevent

€XCesS pore pressures.
3.1 Test apparatus

The apparatus used in this study for one-dimenkicopression of sand consists of
three primary components: the instrumented oedainiste compression frame and the

data acquisition system.
3.1.1 Instrumented oedometer

Test specimens were reconstituted in a highly petis rigid, stainless steel consolidation
ring or oedometer (see Figure 3.1, Figure 3.2)e ifimer dimensions of the ring measure
76 mm in diameter and 38 mm in height. Circumsoghihe steel ring is a series of
strain gauges cased in protective plastic. Trarstfauges are capable of detecting very
small hoop strains produced upon radial loadinghefpractically rigid steel ring. The
ring is seated on a steel base, equipped withiaatya port. The base is also inlaid with

a small circular porous stone, measuring 45 mmiamdter and 6.5 mm in thickness.
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The stiffness of the instrumented oedometer is@pprately 2x107° % radial strain per
100 kPa lateral pressure.

Figure 3.1. Photograph of instrumented oedometer

Steel consolidation ring

Protective :
plastic casing Strain gauges
mounted on ring
/ . -
Steel consolidation
ring (interior)
L <«—— Steel base
—— Drainage tube —— Porous stone

Figure 3.2. Schematic of instrumented oedometer

Calibration of the instrumented oedometer was aeli@ising a regulated compressed air

supply with a maximum air pressure of about 700. kPhe open ends of the steel ring
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were capped with steel end platens to create atighircavity. The resulting chamber
was then pressurized with known pressures anddiresponding output voltages from
the instrumented ring were used to calibrate theicde The precision of the
instrumented oedometer is +0.04 kPa.

3.1.2 Compression frame

A five ton Wykeham Farrance Eng. Ltd. compressi@tinne was used to apply normal
loads to the test specimens at a constant streenofed.015 mm per minute (see Figure
3.3, Figure 3.4). The machine was fitted with & 4@-force capacity load cell to
measure the applied axial force. The precisiothefload cell is 8x10™°kN, which is
equivalent to +0.006 kPa normal pressure on theis@g®. Also, a linear variable

differential transformer (LVDT) was attached to tleading platform to measure the

axial strain of the specimen. The precision ofth®T is +8x10™ mm.

Figure 3.3. Photograph of compression frame
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Figure 3.4. Schematic of compression frame
3.1.3 Dataacquisition system

A computerized data acquisition system was use@deive and record voltage signals
from the instrumented oedometer, load cell and LYDIhe system is comprised of a
signal conditioning unit, a desktop computer anth decquisition software. The signal
conditioning unit is custom-designed with a higlsalation 4.5 digit analog to digital

converter and a low-noise input amplifier. The D¥Sed data acquisition software is
also custom-designed and is capable of recordifigge readings from up to five signal

channels. The program’s frequency of data recgriirset by the user.
3.2 Test procedure

At the beginning of each test, all electronic comgrts were connected to the signal
conditioning unit to establish zero voltage readingOnce thermal equilibrium was
satisfied and zero readings were recorded, theumsinted oedometer was disconnected

and transferred to the specimen preparation area.
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Each test specimen was carefully reconstitutedhm @edometer by air pluviation,
tamping or vibration. For details on the techn&uélized for each of the reconstitution
methods, see Chapter 4. After preparation, thee&mpwas gently placed on the surface
of the specimen. The top cap is fixed with a perstone and weighs about 220 grams,
leading to a vertical stress of 0.5 kPa on theigpat. Extreme care was taken so that
the specimen was not disturbed during placing efttip cap. The height of the specimen
was then measured, with respect to a fixed referbegght. The weight of the specimen
was also measured, and the relative density waslastd.

Next, the specimen was transported to the commme$same and carefully placed on the
loading platform. The specimen was aligned with tbading ram, and the loading
platform was raised so that the ram was nearlyomtact with the top cap. Then the
oedometer was reconnected to the signal condigoamt, and the system was permitted

to reach thermal equilibrium.

Compression testing consisted of three distinctsebavirgin loading, unloading and
reloading. During the virgin loading phase, thesmen was loaded to a vertical
pressure of 250 kPa. During the unloading phdmespecimen was unloaded to 0 kPa.
Finally, for the reloading phase, the specimen rmeésaded to a vertical pressure of 400
kPa. All loading and unloading phases were peréofat a constant strain rate of 0.015
mm per minute. Output voltages from the instruredrdedometer, load cell and LVDT
were automatically recorded every fifteen secondsg testing.

3.3 Testing program

The testing program, as described herein, was megdi¢p investigate the behaviour of
sand in one-dimensional compression with respestdonstituted specimen fabric. Also
considered were the effects of initial relative signand loading history. Supplementary
to the core testing program, a series of tests peaformed at varied strain rates, to
investigate if results would be significantly impaa from testing at other rates of strain.
Similarly, a series of tests was performed uponragtd specimens, to determine if any

significant impact would arise from saturated verdry conditions.
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3.3.1 Onedimensional compression of dry sand specimens

A total of sixty (60) one-dimensional compressiasts were performed on dry,
reconstituted Fraser River sand specimens (se@ Babl Table 3.2, Table 3.3). Of these
sixty (60) tests, twenty-six (26) tests were perfed on air-pluviated specimens,
seventeen (17) tests were performed on tampedmnspesj and seventeen (17) tests were
performed on vibrated specimens. Tests were chatg on specimens prepared at four
distinct levels of particle packing: very loose,dianm loose, dense and very dense. The
degree of particle packing roughly correspondstative densities of 0, 30, 60 and 85%,

respectively.
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Table 3.1. Testing program for air-pluviated speais

Test ID

Degreeof particle

Reconstituted

packing relative density (%)

AP_L 201 1

AP_L 202 2

AP_L_203 Very loose 2

AP_L_204 1

AP_L 205 0

AP_L 206 1

AP_M_201 32
AP_M_202 30
AP_M_203 33
AP_M_204 Medium loose 32
AP_M_205 33
AP_M_206 32
AP_M_207 30
AP_D 201 57
AP_D 202 62
AP_D 203 60
AP_D 204 Dense 59
AP_D 205 58
AP_D 206 60
AP_D 207 61
AP_V 201 88
AP_V 202 86
AP_V_203 Very dense 8
AP_V 204 84
AP_V_205 88
AP_V 206 87
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Table 3.2. Testing program for tamped specimens

Tet ID Degree of'particle Rgconstitgted
packing relative density (%)
T_M_201 33
T_M_202 30
T_M_203 Medium loose 29
T _M_204 31
T_M_205 29
T_M_206 30
T_D 201 60
T_D_202 63
T D _203 Dense 62
T_D 204 62
T D 205 63
T_D_206 61
T V_201 87
T V_202 86
T _V_203 Very Dense 87
T V_204 86
T_V_205 85
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Table 3.3. Testing program for vibrated specimens

Tet ID Degree of'particle Rgconstitgted
packing relative density (%)
V_M_201 26
V_M_202 24
V_M_203 Medium loose 28
V_M_204 34
V_M_205 26
V_M_206 26
V_D 201 62
V_D_202 62
v_b_203 Dense o4
V_D_204 63
V_D 205 64
V_D_206 58
V_V_201 86
V_V_202 84
V_V_203 Very Dense 86
V_V_204 85
V_V_205 84
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3.3.2 Onedimensional compression at varied strain rates

Six (6) one-dimensional compression tests werdethout on dry, reconstituted Fraser
River sand specimens at varied strain rates (sbke a4, Table 3.5). Two strain rates
were selected that differed by an approximate faatden from the 0.015 mm per minute
standard rate used for all other tests. A rat@.@d18 mm per minute, or about ten times
slower than the standard rate, and a rate of Orh5per minute, or about ten times faster
than the standard rate, were chosen. For a givam sate, one (1) test was performed
for each specimen reconstitution technique. All (@) tests were performed on dense

specimens, with a relative density of about 60%.

Table 3.4. Testing program for strain rate of 0®&1im per min.

Test ID Reconstitution R_econstitgted
method relative density (%)
AP_D 301 Air pluviation 60
T _D_301 Tamping 61
V_D_301 Vibration 65

Table 3.5. Testing program for strain rate of Qrirh per min.

Test ID Reconstitution Rgconstitgted
method relative density (%)
AP_D 302 Air pluviation 60
T _D_302 Tamping 63
V_D_302 Vibration 62




3.3.3 Onedimensional compression of saturated sand specimens

Three (3) one-dimensional compression tests wemgplkzied on saturated, reconstituted
Fraser River sand specimens (see Table 3.6). Boh specimen reconstitution
technique, one (1) test was performed. All thr@g tésts were performed on dense
specimens, with a relative density of approximat@Bf6. After reconstitution and
subsequent saturation, these specimens were t@stied a constant water head of 1 cm,

to ensure saturated conditions over the entire test

Table 3.6. Testing program for saturated specimens

Test ID Reconstitution Rgconstitgted
method relative density (%)
AP_D_401 Air pluviation 57
T_D 401 Tamping 63
V_D_401 Vibration 62
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4 EXPERIMENTAL ASPECTS: RECONSTITUTED
SPECIMEN PREPARATION

4.1 Material tested

Testing was performed on dredged sand from theeFRiser, located immediately south
of Vancouver, British Columbia, Canada. From gtimeanalyses, the Fraser River sand
utilized in this study was found to be a mediunedizand with less than 1% fines and an
average particle sizéd§p) of 0.28 mm (see Figure 4.1). The sand is unifpignaded,
with a coefficient of uniformityC,) of 1.80.
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¢ Fraser River sand /’
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Percent finer (%)
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0.01 0.1 1 10
Grain diameter (mm)

Figure 4.1. Patrticle size distribution of Frasevdrisand

A specific gravity of 2.71 was measured for thedsand maximum and minimum void

ratios €max and eyin) of 0.962 and 0.620, respectively, were assumédhatfiayalan &
Vaid, 2002).
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Optical microscopic inspection of the sand showegluar to sub-rounded particles (see
Figure 4.2). Fraser River sand has an averageratioemposition of 40% quartz, 11%
feldspar, 45% unaltered rock fragments, and 4%rathieerals (Garrison, Luternauer,
Grill, Macdonald, & Murray, 1969).

Figure 4.2. Optical microscope photograph of Fr&seer sand

Fraser River sand was chosen for this study duts tocal availability and its frequent
use in fundamental laboratory research at the UWsityeof British Columbia over the

past fifteen years (Wijewickreme, SriskandakumaByne, 2005).

In preparation for this study, the dredged sand wa®fully divided or “split” into

approximately 150 individual samples for testinggte containing from 250 to 300 grams
of sand. A splitter was used to ensure consistgatlations among the samples.
Gradation analyses performed on select samplesriceaf their consistency. All test

specimens were reconstituted in an air-dried state.
4.2 Air pluviation reconstitution method

The most basic of the three methods of specimemnstitution selected for this study is
air pluviation. In general, air pluviation implighe pouring or raining of granular
particles through the air into a specimen conta{i@tbuszewski, 1948). A specific air

pluviation technique was developed for use with dinaser River sand and the

30



instrumented oedometer. This technique was showsrdduce high quality specimens

that were sufficiently uniform and easily replicabl
4.2.1 Background

Air pluviation is a method which has been used msiteely in laboratory specimen
preparation and subsequently, is relatively welderstood (Kolbuszewski, 1948; Rad &
Tumay, 1987; Vaid & Negussey, 1988; Lo Presti, Ber& Crippa, 1992; Cresswell,
Barton, & Brown, 1999). Early investigations irttte behaviour of air-pluviated sands
have shown that the relative density in recongttigpecimens can be controlled through
variations of the pluviation technique (Kolbuszeiydl©48). Specifically, particle drop
height, with respect to the specimen container,dapbsitional intensity are the primary

factors in controlling reconstituted specimen dgn@raid & Negussey, 1988).

Figure 4.3 shows the effects of drop height anddiipn intensity for two gradations of
Ottawa sand. With increasing drop height, thetinadadensity of the specimen increases.
With increasing depositional intensity or mass floate, the relative density of the

specimen decreases.

Air pluviation of sand may be accomplished throaghariety of deposition techniques,
ranging from pouring deposition in a concentratdasn to true pluviation or raining
deposition through a series of diffuser meshesad(& Tumay, 1987); (Cresswell et al.,
1999). Figure 4.4 illustrates the general depwsdi behaviour for both pouring and

raining techniques.

Cresswell et al. (1999) prepared a series of aivipted specimens to explore the effects
of pouring versus raining deposition. Pouring dgpan yielded specimens with notably
lower densities than raining deposition, for thgarty of depositional intensities tested.
However, at very low deposition intensity, specisig@mepared by pouring and raining
were of comparable density (see Figure 4.5). [euniore, Cresswell et al. (1999)
observed that pouring deposition had a tendencydate a “cone of particles,” leading to

specimen non-uniformities. This effect was espcgvident at small drop heights.
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Figure 4.3. Effect of height of drop and mass fiate on relative density of (a) Ottawa
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Figure 4.4. Schematic of air-pluviated sand depwsipouring (left) vs. raining (right)
(reproduced from Cresswell et al., 1999)
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Figure 4.5. Effect of deposition technique andnsty on relative density of Leighton

Buzzard sand)so = 0.75 mm (modified from Cresswell et al., 1999)
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4.2.2 Technique development

For the purpose of this study, the air pluviati@thnique or techniques developed

should:

= Generate four distinct degrees of packing denBibyn very loose to very dense,
= Produce homogeneous specimens with consistenttgensir specimen height,
= Avoid irregular particle deposition and coning etie

= Be suitable for use with designated test matendlapparatus, and

= Be simple and replicable.

First, a technique for very loose, air-pluviate@é@mens was developed. A small funnel
with a 7-mm spout opening was used to deposit aardrated flow of sand directly into
the specimen container (see Figure 4.6). Specimens reconstituted in two separate
lifts, each approximately 12 mm thick. After eddhwas deposited by funnel, a siphon
connected to a vacuum was used to level the spacsudace (see Figure 4.7). The
siphon was passed over the specimen surface aea lieight with a vacuum force of
about 33 kPa, until no more particles could be nmdoand the specimen surface was

level.

Figure 4.6. Photograph of funnel deposition
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Figure 4.7. Photograph of siphon and vacuum setup

To produce very loose specimens of about 0% relatensity, the funnel was positioned
at a drop height of near zero. As the level ofdsemthe container was elevated, the
funnel was also raised to maintain a consister deaght.

It should be noted that deposition by funnel atrrme=ro drop height closely mimics
pouring behaviour and may be prone to particlerapniTo produce an effect similar to
raining, either the drop height must be raised iffuser meshes must be introduced.
However, both of these alterations result in anegirdble increase in relative density.
Instead, an effort was made to maintain regulaosigipn by traversing the funnel in a
circular motion over the container during pluviatio Additionally, reconstituting
specimens in two levelled lifts aided in preventpagticle cones from developing.

For specimens with a medium loose relative densitgbout 30%, the air pluviation
technique was modified slightly. As discussed m@ter 4.2.1, the relative density of
air-pluviated sand specimens can be controlled djyséing the drop height and/or
deposition intensity. For medium loose specimémsdrop height from the funnel to the
specimen container was raised to about 22 cm. depkhe funnel level during
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deposition, a pluviation crossbar and cylinder wieteoduced to the setup (see Figure
4.8). As shown in Figure 4.8, the deposition furmay be fitted into the center of the
crossbar, which is then laid across the top ofploeiation cylinder. The crossbar and
funnel can then easily traverse the specimen auetavhile maintaining a constant drop
height.

Figure 4.8. Photograph of funnel deposition withimption crossbar and cylinder

As before, specimens were reconstituted in twollesdifts. In contrast to very loose
preparation, the height of the funnel was not chiggth respect to specimen height
during deposition. The drop height was judged heglough such that no noticeable
effect on deposition density would result. Thidgment was later proven reasonable by
specimen dissections, as noted in Chapter 4.2.3.

For dense and very dense specimens, with respdetiget relative densities of about
60% and 85%, the air pluviation technique usediedium loose specimens was further
modified. In addition to an elevated drop heightapproximately 22 cm, the funnel
spout was constricted to lower depositional intignsiA small plastic collar was fixed
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beneath the funnel spout, effectively narrowing $peut opening. For dense specimen
preparation, the spout opening was restricted @ mm. For very dense specimen

preparation, the spout opening was restrictedGarin.

Both dense and very dense specimens were rectoedtiim two levelled lifts. The
pluviation crossbar and cylinder were used to naantonstant drop height as the funnel

was traversed over the specimen container.
4.2.3 Specimen quality

As the aim of this study is to observe the effaftparticle fabric, it is imperative that
reconstituted specimens be of homogeneous fabrim verify the uniformity of
reconstituted specimens, dissections were perforimedll reconstitution methods and
degrees of particle packing. The method emplogedpecimen dissection was modeled
about that presented by Sriskandakumar (2004).

First, an air-pluviated specimen was prepared axribeed in Chapter 4.2.2 for the
desired degree of particle packing. After recaustn, the top cap was gently placed on
the specimen surface and height and weight measmtsmvere taken. To perform the
dissection, the top cap was subsequently removeédhrensiphon and vacuum setup was
used to carefully remove a layer of sand about &Pthick from the top of the specimen.
This equates to approximately half of the origispécimen thickness. Once more, the
specimen height and weight were recorded. Thesdiss process allows the relative
density to be calculated separately for the top battom lifts of the reconstituted

specimen.

Figure 4.9, Figure 4.10 and Figure 4.11 show tiselte from dissections of very loose,

medium loose and dense air-pluviated specimengecésely. For all three dissections,

specimen lifts exhibited about +1% deviation frdme average specimen relative density.
Sriskandakumar (2004) also performed dissectionmedium loose, air-pluviated Fraser
River sand specimens. Deviations from the averafgive density reported are 5%,

indicating a comparatively high degree of unifoymit air-pluviated specimens prepared
for the present study (Sriskandakumar, 2004).

37



W
o

N
()]
!

N
o

[EEN
o

[EEN
(6]
- AVERAGE: - - - - - -

Specimen height (mm)

(63}

— Very loose, air-pluviated [
Fraser River sand specim
i i i i i

0 2 4 6 8 10 12 14 16 18 20
Relative density (%)

D
>

o
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Figure 4.10. Dissection of medium loose, air-plteteFraser River sand specimen
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Figure 4.11. Dissection of dense, air-pluviatedsEra&river sand specimen

Figure 4.12 shows the results from a dissectioa wéry dense, air-pluviated specimen.
Very dense, air-pluviated specimens showed a mugheh degree of non-uniformity
than the other air-pluviated specimens. Very dapseimen lifts exhibited a maximum
of £7% deviation from the average relative densitycontrast to the 1% deviation
observed in very loose, medium loose and denselamated specimens. Still, this
disparity is not too far from the deviations repdrtby Sriskandakumar (2004) for
medium loose, air-pluviated Fraser River sand. @dwer, this level of deviation can be
considered acceptable, considering the limitatmmsneasurement accuracy for this size

of specimen (Sriskandakumar, 2004).

39



w
o

A 25 :

E :

= 20 :

= .

2 .J

c 15 (4:

(O] 04

£ Ll

g 10 Z

%) ; — Very dense, air-
5 pluviated Fraser River

sand specimen

O I I I I I

80 82 84 8 83 90 92 94 96 98 100
Relative density (%)

Figure 4.12. Dissection of very dense, air-pluvdafeaser River sand specimen
4.3 Tamping reconstitution method

The second method of specimen reconstitution salefor this study is tamping.

Tamping is a form of specimen compaction, charasdrby repetitive blows of a dead
weight compaction foot to a lift of soil (Ladd, 187 For the purpose of this study, a
tamping technique was specifically tailored for wgéh dry Fraser River sand and the
instrumented oedometer. This technique was showsrdduce high quality specimens

that were sufficiently uniform and easily replicabl
4.3.1 Background

Variations of the tamping method are often employled laboratory testing of
reconstituted sands, most commonly in a moist gtatdd, 1974); (Mulilis et al., 1977);
(Ladd, 1978); (Vaid & Sivathayalan, 2000); (FrostRark, 2003). Although specific
techniques may differ, a common thread in neardytaahping studies is difficulty in

achieving homogeneous specimens.
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In an effort to address this concern, Ladd (1978)etbped a moist tamping technique
known as “undercompaction.” When tamping forceapplied to a lift of soil, the
compactive effort will not only densify the currehft, but also, lower layers will
experience increased densification. Undercompactguires that when reconstituting
specimens, lower lifts be compacted to a decrepsecentage of the desired relative
density. As successive lifts are prepared, theptagnforce will further densify the lower
layers to the desired relative density (Ladd, 197B)e concept of the undercompaction
tamping technique is illustrated in Figure 4.13.

Maximum value

Percent
undercompaction
in layern

Average percent
undercompaction for
layersn; ton

Percent undercompaction

Minimum value
(usually zero) np=1

n
Layer number "

Figure 4.13. lllustration of undercompaction tangpiachnique (reproduced from Ladd,
1978)

More recently, Frost and Park (2003) conducted wdystto critically assess the

mechanism of tamping in specimen preparation. ®asure the forces imparted to the
specimen during reconstitution, the tamping dewes equipped with a load cell. After

reconstitution, X-ray and optical imaging were iagl to evaluate specimen uniformity.
Specimens were prepared using Ladd’s undercompataimping technique (Frost &

Park, 2003).
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As expected, Frost and Park (2003) observed thatally greater tamping force was
required to compact layers to greater relative itiess However, they also noted that the
bottom layer in the tamped specimens, which waspemted to the lowest relative
density, was not the layer that required the leastpaction force. The authors point to
the influence of the rigid specimen container iaflaed the compaction behaviour of the
bottom layer (Frost & Park, 2003). This observatguggests that adaptation of the

original undercompaction technique may be warranted

From image analyses, variances of up to 10% inivelaensity were detected between
tamped layers. Moreover, variations of up to 15%adlative density were measured
within individual reconstituted layers. This evige indicates that tamped specimens are
inherently non-uniform in their fabric, in companrsto specimens prepared by pluviation
methods (Frost & Park, 2003).

4.3.2 Technique development
For the purpose of this study, the tamping techmigiutechniques developed should:

= Generate three distinct degrees of packing densty, medium loose to very
dense,

= Produce homogeneous specimens with consistenttgensir specimen height,

= Be suitable for use with designated test materidlapparatus, and

= Be simple and replicable.

Tamped specimens were reconstituted in two distgtages: initial deposition and
compactive tamping. For all specimens prepareth wétping, dry lifts of soil were
initially deposited using the technique developadviery loose, air-pluviated specimens.
Each 12-mm lift was deposited at zero drop heighé Ismall funnel with a 7-mm spout
opening (see Figure 4.6). After each lift was d#gal by funnel, a siphon connected to a
vacuum was used to level the specimen surfaceHigeee 4.7). Once a lift was initially
deposited, a tamping technique was applied to aehike desired degree of particle

packing.
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A custom tamping apparatus was devised for usetiétspecimen container (see Figure
4.14, Figure 4.15, Figure 4.16). The apparatussistsrof a compactive foot, with a

diameter equal to that of the specimen, connectedtamping rod. The rod is inserted
into the tamping frame, where it is permitted tdeslfreely in the vertical direction but

restricted from horizontal movement. The framevegrto accurately guide the tamping
rod and compactive foot in a strictly vertical patentered over the instrumented
oedometer. To impart a tamping blow, the rod imspy raised to a desired height and
then released under gravity. The combination ef ibdd and foot weighs about 415

grams.

Figure 4.14. Photograph of tamping apparatus
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Figure 4.15. Photograph of tamping apparatus (elgde
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Figure 4.16. Schematic of tamping apparatus
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Used in conjunction with the tamping apparatus [@aatic spacing disc which is placed
on top of the specimen during the tamping stagee disc prevents particle scatter upon
impact or superficial particle damage. Also, thecdensures that the surface of the
specimen remains levels during the tamping stagdstlzat the foot makes full contact
with the specimen cross-section. The disc is malty rigid and fairly light, imposing

less than 0.5 kPa on the specimen.

Two aspects were considered when developing theitgmtechnique for specimen
reconstitution. First, the appropriate compactoee should be applied to the specimen
as a whole to achieve the desired degree of papmtking. The compactive force from
the tamping apparatus is controlled by the numbetamping blows applied to the
specimen and the drop height of the compactive.fodecond, the concept of
undercompaction should be acknowledged so thatretegive density is reasonably

uniform over the height of the specimen.

A tamping technique for specimens of a medium lateesity near 30% was developed.
As aforementioned, each lift was initially depoditey funnel and levelled before

tamping was applied. Each lift was also re-lexkidgth the siphon and vacuum after the
prescribed tamping was completed. For medium lot@®ped specimens, the drop
height from the base of the compaction foot to tthye surface of the spacing disc was
chosen to be 25 mm. At this height, only two bldarseach layer were required to reach
the desired relative density. With such small amoaf compactive force used,

undercompaction of the bottom lift was not a concer

For dense, tamped specimens of about 60% relagimsity, a similar tamping technique
was used. As before, each lift was initially defsas by funnel and levelled before

tamping was applied. Each lift was also re-lewklédter the prescribed tamping was
completed. For dense, tamped specimens, the daigpthused was also 25 mm. It was
determined that about 20% undercompaction of thiivolayer would result in the most

uniform reconstituted specimen. Therefore, thetdmotlayer required eight tamping

blows and the top layer received nine blows.
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The tamping technique was modified only slightly tbhe preparation of very dense
specimens at about 85% relative density. Like mo#dium loose and dense specimens,
each lift was initially deposited by funnel andddled before tamping was applied. Each
lift was also re-levelled after the prescribed tamgpwas completed. For very dense,
tamped specimens, the drop height was raised tan8t At this height, 20%
undercompaction of the bottom layer was again ddeappropriate. To achieve the
desired degree of particle packing, 38 blows wemied to the bottom lift and 45 blows
were applied to the top lift.

No very loose specimens were prepared by tampingnghe compactive nature of the

method.
4.3.3 Specimen quality

Dissections were performed on medium loose, dendevary dense tamped specimens
to confirm fabric uniformity. The details of thésdection method are fully described in
Chapter 4.2.3.

Figure 4.17, Figure 4.18 and Figure 4.19 show #wailts from dissections of medium
loose, dense and very dense tamped specimensctiespe For all three dissections,
specimen lifts exhibited a maximum of +2% deviatibobm the average specimen
relative density. In another study using FraseeRsand, Vaid and Sivathayalan (2000)
also prepared tamped specimens and performed tiisseto evaluate uniformity. In
contrast to the results presented here, a 10%twaritom the average relative density

was experienced in tamped specimens (Vaid & Siyailha, 2000).
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As many authors have reported difficulties in acing homogeneous specimens with
tamping, the tamping technique developed for thiglys yielded surprisingly uniform
specimens. It is unknown why such difficulties &erot experienced here. Possible
influences may be the size of the specimen comtatheckness of the lifts and dry
condition of the sand.

4.4 Vibration reconstitution method

The third and final method of specimen reconstiutelected for this study is vibration.
Vibration is a form of specimen compaction whereiltating frequencies are transmitted
to a specimen via a vibrating table, modified tamgpidevice or other vibrating

instrument. Vibration behaviour can be controllsdan electromagnetic or pneumatic
vibrating mechanism and is described by its unijeguency and amplitude (Pettibone
& Hardin, 1965). A specific vibration reconstitomi technique was developed for use
with dry Fraser River sand and the instrumentecweder. This technique was shown

to produce high quality specimens that were swfitty uniform and easily replicable.
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4.4.1 Background

Although vibration is a frequently used method feconstituted specimen preparation, a
consistent approach of laboratory vibration compacthas not yet been generally
accepted (Selig, 1963; Pettibone & Hardin, 1968y 1973; Dobry & Whitman, 1973;
Mulilis et al., 1977). Mechanisms used in reseatohapply vibrations include
electromagnetic and pneumatic one-degree-of-freedabrating tables; electric
“engraver-type” vibrators and hand-held pneumatirators applied to the exterior of
the specimen container; and electromagnetic andirpagc hammer-type vibrators
applied directly to the specimen surface, oftermugh a modified tamping device. As
well, the vibration behaviour itself has varied elylin its frequency and amplitude for
the studies listed. Other significant experimentaiables noted include the duration of
vibrations, the orientation of applied vibrationtte surcharge, if any, used during

vibrations and the attributes of the specimen dnata

To better understand the factors controlling vilbrat behaviour in reconstituted
specimens, Selig (1963) conducted a study on dbratry sand specimens. A vibrating
apparatus where the specimen container was susp@mdsprings and the entire setup
was vibrated in a vertical fashion. For a giveeqfrency and amplitude, considerable
densification was reported immediately after vilmagé began, and practically no further
compaction was observed after a few minutes. Maedor double-amplitudes less
than 1.0 mm, the density of a specimen was showmctease when either the frequency
or amplitude of vibration was increased (see Figu2@) (Selig, 1963).
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Brand (1973) also investigated the factors contrglvibration behaviour, with a focus

on reconstituted specimen uniformity. Variationsreélative density from the specimen

average ranged from around 5% to near 20%. Theedegf variability of relative

density within the specimens was found to be Igrgafluenced by the frequency and

amplitude of vibrations (see Figure 4.21) (Brar@i7 3).
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4.4.2 Technique development
For the purpose of this study, the vibration tegheior techniques developed should:

= Generate three distinct degrees of packing denstdy, medium loose to very
dense,

= Produce homogeneous specimens with consistenttgensir specimen height,

= Be suitable for use with designated test materidlapparatus, and

= Be simple and replicable.

Vibrated specimens were reconstituted in two dististages: initial deposition and
compactive vibration. For all specimens preparétt wibration, dry lifts of soil were
initially deposited using the technique developadviery loose, air-pluviated specimens.
Each 12-mm lift was deposited at zero drop heighé Ismall funnel with a 7-mm spout
opening (see Figure 4.6). After each lift was d#gal by funnel, a siphon connected to a

vacuum was used to level the specimen surfaceHgeee 4.7).

A vibrating table was chosen for use in this studyhe apparatus available was the
Soiltest CN-166 vibrating table, equipped with atuoned steel vibrating deck and an
electromagnetic vibrator (Soiltest, 1990). Thddaiperates at a frequency of 60 Hz and
has a double-amplitude range of 0.05 to 0.38 mmcaBse the table was designed for
use with a much larger specimen mould, the vibgatieck was modified for use with the
instrumented oedometer. A specimen preparatidifopta was mounted to the table and
steel guides posts and a fitted collar were useseture the oedometer in place (see
Figure 4.22, Figure 4.23, Figure 4.24).
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Figure 4.22. Photograph of vibration apparatus

Figure 4.23. Photograph of vibration apparatussgliop)
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Figure 4.24. Schematic of vibration apparatus

As discussed in Chapter 4.4.1, published studigs hat yet presented a unified method
for vibrated specimen preparation nor have theglvesl the many factors influencing
vibration behaviour. Without a strong consensosiftiterature, the vibration technique
developed for this study was chiefly based on &esef reconstitution trials performed

with the specific test material and specimen cowetai

Similar to the tamping technique developed, twoeatp were considered when
developing the vibration technique for specimeronstitution. First, suitable vibrations
should be applied to the specimen as a whole tewaelthe desired degree of particle
packing. Given the predetermined operating frequeof the table, the parameters of
vibration amplitude and time were used to contnel densification. Second, the relative
density should be reasonably uniform over the hegkhe specimen.

For specimens of a medium loose density near 30%bration technique using the
vibrating table was developed. Each specimen wiéiglly deposited in two lifts. The

vibratory compaction was applied over the entirecgpen, as opposed to individual lifts.
Subsequent to vibration, the specimen was agdevedled with the siphon and vacuum.

From reconstitution trials performed for this stualyd in reports from literature, it was
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observed that the densification effect upon comnmgnwibrations was immediate.

Therefore, only very short vibration times were aex

For the medium loose specimens, a double-amplitfd@.08 mm was chosen. This
amplitude was the smallest amount that was prdigtipassible with the vibrating table.
Although the table is specified as low as 0.05 nihe vibrator did not operate
consistently at such a low threshold. At this @mamplitude, the vibrator was simply
“pulsed,” imparting only an instantaneous momentibfation to the specimen. While a
“pulse” may not be a uniquely defined quantity, ighhdegree of repeatability of this
technique was confirmed. Also, imposing vibratiémsany longer than an instant pulse

resulted in relative densities markedly higher tesired.

For dense, vibrated specimens of about 60% relatigrsity, a similar vibration
technique was used. As before, both lifts wergaihy deposited by funnel and levelled
before vibration was applied over the entire speamThe specimen was also re-levelled
after the prescribed vibration was completed. demse, vibrated specimens, a slightly
greater double-amplitude of 0.10 mm was choseno pwses of the vibrator were used
to achieve the desired degree of particle packing.

The vibration technique was altered for the pregi@maof very dense specimens at about
85% relative density. Reconstitution trials foryweense specimens showed that longer
vibration times were required to reach the higlegel relative density. However, it was
also observed that non-uniformities within the spen emerged over even marginally
extended vibration times. Best results were addewhen vibratory compaction was
applied after reconstitution of each lift, insteaflonly to the specimen as a whole.
Consequently, each of the two lifts was initiallgpdsited by funnel and levelled, and
then the prescribed amount of vibration was appbetthe lift. Both lifts were re-levelled

after vibration.

For very dense, vibrated specimens, the doubleiardplwas kept constant at 0.10 mm.
To achieve the desired degree of particle paclapgroximately one second of vibration
was delivered to each lift.
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It should be noted that a dead weight surchargelbfgrams or 0.9 kPa on the specimen
surface was used when applying vibrations to aticspens. A surcharge was used to
prevent particle scatter during vibration and torpote regular vibratory compaction
throughout the specimen, as suggested by Vaid agdidsey (1988).

No very loose specimens were prepared by vibragoen the compactive nature of the

method.
4.4.3 Specimen quality

Dissections were performed on medium loose, dendevary dense vibrated specimens
to verify fabric uniformity. The details of thesdiection method are fully described in
Chapter 4.2.3.

Figure 4.25, Figure 4.26 and Figure 4.27 show #wailts from dissections of medium
loose, dense and very dense vibrated specimensecatesly. The dissection of the
medium loose specimen showed +4% deviation from aherage specimen relative
density. The dissections of the dense and vergalspecimens exhibited a maximum of
+2% deviation from the average specimen relativessdy. No dissection data
specifically for vibrated Fraser River sand specimwas available in literature. When
compared to the dissection data from Brand (19%8%emted in Chapter 4.4.1, these
deviations are certainly reasonable (see Figuré)4.2Moreover, they are comparable
with the deviations in relative density experienedth both air-pluviation and tamping

techniques developed for this study.
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4.5 Specimen saturation

A limited number of saturated compression testsewsmarformed on Fraser River sand
specimens that were reconstituted in a dry statietlaen saturated prior to testing. The

method used for saturating the reconstituted spawsnis modeled after Wijewickreme,

Relative density (%)

Sriskandakumar and Byrne (2005) and is describezlirhe

First, the testing apparatus was prepared for a@ditesting, as shown in Figure 4.28. A
plastic water reservoir was attached to the loagiagform of the compression frame.

The positioning of the reservoir ensures that egylt with respect to the oedometer
remains constant during testing. On the instruggtrtedometer, where the steel ring
meets the base, a thin coat of water-resistardosi grease was applied. Also, the
porous stone from the base of the oedometer anplaifteis stone attached to the top cap

were boiled in water until saturated.
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Figure 4.28. Photograph of specimen saturatiorpsetu

Once the apparatus was properly assembled, thegstiicbed specimen was prepared and
transported to the loading platform, as detaile@€lvapter 3.2. The drainage tube at the
base of the instrumented oedometer was connectttk tavater reservoir, and a plastic
cylinder was seated flush atop the oedometer t@acorthe water passed through the
specimen. The contact between the plastic cyliaddroedometer was also thinly coated

with water-resistant silicone grease.

Finally, de-aired water, prepared in advance undeuum, was slowly percolated from
the reservoir up through the base of the specin@mly a small differential head of water
was permitted, not greater than 5 cm, to prevent smecimen disturbance. As
recommended, about 20 pore volumes of de-aired rwatre passed through the
specimen to achieve saturation (Wijewickreme et28l05). Excess water was siphoned

from the plastic cylinder as it collected during Saturation process.
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After saturation was completed, the flow from tlesarvoir through the specimen was
permitted to equalize. A constant head of wat@rapgmately 1 cm above the specimen

was retained to ensure continued saturation thimuiglesting.
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5 RESULTS

The main objective of this chapter is to presemt fifictual results from experimental

work. A detailed analysis and discussion is pressem Chapter 6.
51 General

A series of plots generated from test data is ptesein this section, to characterize the
typical stress-strain specimen response of FrasgerRsand in one-dimensional
compression. The general observations of specnegponse noted in this section apply

to all specimens tested.

A typical stress-strain response for Fraser Riagidsn one-dimensional compression is
shown in Figure 5.1 as specimen void ratio veragmrithm of vertical stress. The
plotted series of concave-down curves coincides wie three distinct loading phases:

virgin loading, unloading and reloading.

First, the specimen undergoes virgin loading to BBa vertical stress. During this stage,
shown in black in Figure 5.1, the specimen is atergd normally consolidated (OCR =
1). Note that the majority of the axial strain expnced by the specimen occurs during

this loading phase.

Immediately following virgin loading, the specimé&nunloaded to approximately zero
vertical stress. However, due to soil creep, thi& rom virgin loading to unloading

phases is not truly instantaneous. The unloadimags®, shown in white in Figure 5.1,
exhibits a slightly flatter slope than observedwvingin loading. The specimen is
overconsolidated in this phase (OCR > 1), with QgoRtinually increasing as unloading

progresses.

Finally, the specimen is compressed to 400 kPaearmr¢loading phase, shown in grey in
Figure 5.1. Upon reloading, the specimen is iljtim an overconsolidated state (OCR >
1). As the vertical effective stress increasesROd&creases, approaching unity. A

relatively stiff recompression response is initiabbserved, as the reloading curve
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follows essentially the same reduced slope as @ uhloading phase. When the

preconsolidation pressure’() of 250 kPa is reached the specimen is again dered

normally consolidated (OCR = 1). The compressiesponse exhibited at vertical
stresses greater than 250 kPa seems to follonathe sompression slope as in the virgin
loading phase. These observations are in accdid peevious observations of the one-

dimensional compression response of sands (Hentie&?3).
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Figure 5.1. Typical void ratio vs. vertical effeatistress plot for Fraser River sand

A typical vertical versus horizontal effective sseplot for Fraser River sand in one-
dimensional compression is shown in Figure 5.2. hEblmading phase is plotted

separately, for clarity.
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A strong linear relation through the origin is apgd during both the virgin loading and

reloading phases. For these phases, the slopge digst fit line is equivalent té , as
defined in Eq. 2.11. For reloading, note thatdlope of the best fit line does not appear
to change as the specimen is loaded above the rg@aation pressure. During the

unloading phase, a mildly “S-shaped” curve is eitad

A typical plot of the coefficient of lateral pressuat rest for Fraser River sand in one-

. : o N o, .
dimensional compression is shown in Figure 5.3,KQ,E= —hj versus vertical stress.
o

\

Each loading phase is plotted separately, fortglari

During the virgin loading phas&, levels off to a relatively constant value, in esz®f
about 25 kPa vertical stress. A slight decreasg b noted inK, with increasing
vertical stress, although the change is not siggmifi. For unloadingK, increases
considerably, usually in excess of unity. Durietpading,K, once again levels off to a

reasonably constant value, in excess of about P25 k

When considering plots df, versus vertical stress, recall the definitiorkgf(Eq. 1.1).

As a numerical ratio of measured stres3€sjs susceptible to error when measured
stresses are very low. As the vertical stresedsiced to near zero, electronic instability
combined with limited precision increases the ewbserved in stress measurements.
While this is not a major problem for the accuracly the stress measurements
themselves, a ratio of the values at such low stiesvould be inherently inaccurate.

Therefore K, values calculated very near to zero vertical stet®uld not necessarily be

considered as an accurate representation of tlinsge response.

In subsequent sections, the one-dimensional comipresresponse of different

reconstituted specimens of Fraser River sand wilinvestigated in more detail. Test
results for each reconstituted fabric type willddeamined. Data collected to study the
effects of densification and loading history on theserved behaviour for each fabric

type will be presented in a systematic manner.
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5.2 Air-pluviated Fraser River sand specimens

5.21 Very loose specimens

Six (6) one-dimensional compression tests wereopadd on very loose, air-pluviated
(AP_L) Fraser River sand specimens. The initikdtiee densities ranged from 0 to 2%,
with an average of 1%. The test data presentedirheepresents the typical one-
dimensional compression response of very looseglauiated sand specimens. The full
set of data for very loose, air-pluviated speciménsavailable in Appendix A.l.

Repeatability was verified from comparisons of phas in Appendix A.1.

Figure 5.4 plots a typical compression curve. Fegb.5 depicts the horizontal versus
vertical effective stress, with each loading phdisplayed separately. Figure 5.6 shows
the coefficient of lateral pressure at rest asmation of the vertical effective stress, with

each loading phases plotted individually.
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Figure 5.4. Void ratio vs. vertical effective sgsder AP_L 206
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The coefficient of lateral pressure at rest foryvkrose, air-pluviated specimens was
computed for virgin loading, unloading and relo@adphases. For both virgin loading
and reloading, the values were calculated at tldeodrthe loading phases, sinkg is a

relatively constant value over the phase. For adilyg, K, was calculated at a given
OCR value, over a representative range. Approx@n@tR values of 2, 5, 10 and 25
were chosen. The results are listed in Table bable 5.2, Table 5.3 and Table 5.4.
Note that the reloading phase in specimens AP_Lt2@ugh AP_L 205, inclusive, was
only carried out to a maximum vertical effectiveess of 300 kPa. Reloading for

AP_L 206, presented separately, was carried ot@@okPa.

Table 5.1K, values for AP_L specimens subject to virgin logdin

Reconstituted Ko at end of

TestID relative density virgin loading

(%) (o, = 250kPa)
AP _L 201 1 0.428
AP L 202 2 0.528
AP_L 203 2 0.501
AP_L 204 1 0.472
AP_L_205 0 0477
AP_L 206 1 0.493

Table 5.2K, values for AP_L specimens subject to unloading

Reconstituted Ko for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10| OCR =25
AP L 201 1 0.546 0.784 0.883 0.947
AP_L_202 2 0.661 0.891 1.10 133
AP_L 203 2 0.610 0.874 1.05 1.28
AP_L 204 1 0.555 0.711 0.846 0.851
AP_L_205 0 0.555 0.725 0.795 0.808
AP_L 206 1 0.583 0.788 0.981 1.20
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Table 5.3K, values for AP_L specimens 201 through 205 suligergloading

Reconstituted Ko at end of
Test 1D relative density reloading
(%) (o, =300kPa)*
AP_L_201 1 0391
AP L 202 2 0.518
AP_L 203 2 0.489
AP_L_204 1 0435
AP_L 205 0 0.466

*Note that AP_L tests 201 through 205, inclusiverevonly carried out

to a maximum o#', = 300 kPa during the reloading phase.

Table 5.4K, value for AP_L_ 206 subject to reloading

Reconstituted Ko at en_d of
Test ID relative density reloading
(%) (o, = 400kPa)
AP_L 206 1 0.491

5.2.2 Medium loose specimens

Seven (7) one-dimensional compression tests wer®rped on medium loose, air-
pluviated (AP_M) Fraser River sand specimens. Tdlative densities of the test
specimens ranged from 30 to 33%, with an averadgeevef 32%. The test data is
presented herein and represents the charactesisticlimensional compression response
of medium loose, air-pluviated sand specimens (€idgu7, Figure 5.8 and Figure 5.9).
The complete set of testing data for medium loasepluviated specimens is available in
Appendix A.2. Repeatability of the results wasifiedl from comparisons of the

compression responses plotted in Appendix A.2.
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The coefficient of lateral pressure at rest for medloose, air-pluviated specimens was
determined for virgin loading, unloading and relo@dohases. The results are listed in
Table 5.5, Table 5.6 and Table 5.7.

Table 5.5K, values for AP_M specimens subject to virgin logdin

Reconstituted Ko at end of

Test ID relative density virgin loading

(%) (o, = 250kPa)
AP_M_201 32 0.509
AP_M 202 30 0.596
AP_M_203 33 0.555
AP_M_204 32 0.572
AP_M_205 33 0.465
AP_M_206 32 0.649
AP_M_207 30 0.571

Table 5.6 K, values for AP_M specimens subject to unloading

Reconstituted Ko for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10| OCR =25
AP_M 201 32 0.585 0.779 0.897 0.997
AP_M_202 30 0.760 111 1.44 1.81
AP_M_203 33 0.703 0.995 1.29 1.64
AP_M 204 32 0.911 1.47 1.87 2.21
AP_M_205 33 0.620 0.919 1.19 1.41
AP_M 206 32 0.820 1.19 1.50 1.87
AP_M 207 30 0.748 1.09 1.33 1.67
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Table 5.7K, values for AP_M specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)

AP_M 201 32 0.473
AP_M 202 30 0.548
AP_M_ 203 33 0.523
AP_M_ 204 32 0.538
AP_M_205 33 0.460
AP_M_ 206 32 0.590
AP_M_207 30 0.531

5.2.3 Dense specimens

Seven (7) one-dimensional compression tests wererped on dense, air-pluviated
(AP_D) Fraser River sand specimens. The relat@resities of the test specimens ranged
from 57 to 62%, with an average of 60%. Presehtein, the test data represents the
typical one-dimensional compression response okealeair-pluviated sand specimens
(Figure 5.10, Figure 5.11 and Figure 5.12). THe det of testing data for dense, air-
pluviated specimens is presented in Appendix A.From comparisons of the
compression responses plotted in Appendix A.3,atgidlity of the testing results was

verified.
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The coefficient of lateral pressure at rest for sggnair-pluviated specimens was
computed for virgin loading, unloading and relogadphases (Table 5.8, Table 5.9 and
Table 5.10).

Table 5.8K, values for AP_D specimens subject to virgin logdin

Reconstituted Ko at end of
TestID relative density virgin loading
(%) (o, = 250kPa)
AP_D 201 57 0.565
AP_D 202 62 0.553
AP_D 203 60 0.472
AP_D_204 59 0519
AP_D_205 58 0.424
AP_D_206 60 0.558
AP_D 207 61 0.541

Table 5.9K, values for AP_D specimens subject to unloading

Reconstituted Ko for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10| OCR =25
AP _D 201 57 0.690 0.989 1.22 1.46
AP _D_202 62 0.671 1.05 1.36 1.91
AP D 203 60 0.580 0.880 1.11 1.45
AP_D 204 59 0.641 0.983 1.30 1.81
AP D 205 58 0.513 0.767 0.977 1.21
AP_D 206 60 0.706 1.06 1.47 2.03
AP_D 207 61 0.685 1.05 1.39 1.76
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Table 5.10K, values for AP_D specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)

AP_D 201 57 0.522
AP_D 202 62 0.519
AP_D 203 60 0.457
AP_D 204 59 0.480
AP_D 205 58 0.415
AP_D 206 60 0.517
AP_D 207 61 0.504

5.24 Very dense specimens

Six (6) one-dimensional compression tests wereopedd on very dense, air-pluviated
(AP_V) Fraser River sand specimens. The relateresifies of the test specimens varied
from 84 to 88%, with an average of 86%. The tesaddpresented herein, represents the
typical one-dimensional compression response ofy veéense, air-pluviated sand
specimens (Figure 5.13, Figure 5.14 and Figure)5.The complete set of testing data
for very dense, air-pluviated specimens is providedppendix A.4. Repeatability of
the testing results was verified from comparisointhe compression responses plotted in
Appendix A.4.
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The coefficient of lateral pressure at rest foryvdense, air-pluviated specimens was
computed for virgin loading, unloading and reloadphases (Table 5.11, Table 5.12 and
Table 5.13).

Table 5.11K, values for AP_V specimens subject to virgin logdin

Reconstituted Ko at end of

Test ID relative density virgin loading

(%) (o, = 250kPa)
AP_V_201 88 0.477
AP_V 202 86 0.485
AP_V 203 85 0.423
AP_V_204 84 0.531
AP_V 205 88 0.420
AP_V_ 206 87 0.515

Table 5.12K, values for AP_V specimens subject to unloading

Reconstituted K, for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10| OCR=25
AP_V 201 88 0.597 0.908 1.19 1.63
AP_V_202 86 0.601 0.958 1.21 1.65
AP_V 203 85 0.454 0.686 0.947 1.35
AP_V_204 84 0.682 1.10 1.55 2.25
AP_V_205 88 0.476 0.742 1.08 1.69
AP_V_ 206 87 0.655 0.991 1.36 2.00
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Table 5.13K, values for AP_V specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)
AP_V_201 88 0.441
AP_V_202 86 0.446
AP_V 203 85 0.422
AP_V_204 84 0475
AP_V_205 88 0.388
AP_V_206 87 0.474

5.2.5 Effect of densification

For air-pluviated specimens, the effect of denatfan during reconstitution may be
observed by comparing typical compression respeonsees. Figure 5.16 depicts the
horizontal versus vertical effective stress respathgring virgin loading, unloading and

reloading for very loose, medium loose, dense amng gense air-pluviated specimens.

With the exception of the data for the very loopecemen, it may be observed from

Figure 5.16 that the slope of the stress pll%t,for virgin loading and reloading phases,
increases with decreasing reconstituted relativesithe During unloading, a similar “S-
shaped” curvature is observed for all reconstitutedsities. As unloading progresses to
zero effective vertical stress, the curves gragiuadhverge.

It is unclear why the very loose specimen behavitngs not follow the trend observed in
medium loose, dense and very dense specimenss thought that the very loose
reconstitution method may produce a “collapsibleUcure. Very loose specimens,
prepared near zero relative density, may be prondigproportionate compressibility
upon loading. Figure 5.17 shows the axial stragnsws the square root of vertical
effective stress for very loose, medium loose, deasd very dense air-pluviated
specimens. Clearly, the compressibility in theyMeose specimen is markedly greater,
thus supporting the above hypothesis. Still, frrthresearch is needed to confirm this

supposition.
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Figure 5.18 depicts the coefficient of lateral gres at rest during compression for very
loose, medium loose, dense and very dense airgikd/i specimens. As noted
previously, K, during both virgin loading and reloading becomeasonably constant

soon after loading commences. This constidptvalue increases with decreasing
reconstituted relative density, with the exceptainthe very loose specimen. During
unloading, all reconstituted densities exhibit mikir concave-up curve. As unloading

progresses to zero effective vertical stress, tinees slightly diverge.

To best observe the effect of densification, theffment of lateral pressure at rest,
calculated at the end of virgin loading, was coragdafor all twenty-six (26) one-

dimensional compression tests performed on airtplad specimens (see Figure 5.19).
Note that the shaded region in Figure 5.19 cormedpdo a general envelope derived

from the compression test results.

Figure 5.19 reiterates the decreas&jrwith increasing relative density. Also, the plot
suggests that with increasing relative density sttedter in measurdg}, values somewhat

decreases.
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5.2.6 Effect of loading history

For air-pluviated specimens, the effect of loadigiory may be observed by comparing
the plotted compression test data for a given retttoied density. Figure 5.20 depicts a
comparison of horizontal versus vertical effectisgess during virgin loading and
reloading for a dense, air-pluviated specimen. |8Vlight non-linearity exists near the
origin, both the virgin loading and reloading cus\appear distinctly linear in excess of
100 kPa vertical stress. Note that the slope éeditin the reloading phase is slightly

decreased from the slope observed in the virgiditepphase.
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Figure 5.21 plots the coefficient of lateral pressat rest during virgin loading and
reloading for a dense, air-pluviated specimen. v&hmughly 100 kPa vertical stress, the
plot shows a loweK, value for the reloading phase than for virgin logd consistent
with observations from Figure 5.20. As the specmes reloaded past its

preconsolidation pressure of 250 kPa, no noticectd@ge irK, is demonstrated.
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Although not shown here, the effect of loading dmgton very loose, medium loose and
very dense air-pluviated specimens was found teirbéar to that observed in dense, air-

pluviated specimens (see Figure 5.20, Figure 5.21).

To best observe the effect of loading history, thefiicient of lateral pressure at rest,
calculated at the end of both virgin loading andading, was compared for all twenty-
six (26) one-dimensional compression tests perfdrioe air-pluviated specimens (see
Figure 5.22). For all reconstituted densiti€s values measured at the end of reloading

are slightly lower than those at the end of vilgiading.
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Additionally, the coefficient of lateral pressurerast, computed for selected OCR values
over the unloading phase, was compared for all tyveix (26) one-dimensional
compression tests performed on air-pluviated spewcsm(see Figure 5.23). For all
reconstituted densitie¥, values increase appreciably as OCR increases.o, Ate
scatter irnK, values seem to increase markedly with increasiG® O
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5.3 Tamped Fraser River sand specimens

5.3.1 Medium loose specimens

Six (6) one-dimensional compression tests wereopadd on medium loose, tamped
(T_M) Fraser River sand specimens. The relativeitien®f the test specimens ranged
from 29 to 33%, with an average value of 30%. Hs data presented herein represents
the typical one-dimensional compression responsemetlium loose, tamped sand
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specimens. Refer to Appendix B.1 for the fullsetnedium loose, tamped specimen test
data. Repeatability of the results was verifieonfrcomparisons of the compression

response plots in Appendix B.1.

Figure 5.24 illustrates a typical compression curv&he horizontal versus vertical
effective stress is displayed in Figure 5.25, watith loading phase plotted separately.
Figure 5.26 depicts the coefficient of lateral greg at rest versus the vertical effective

stress, with each loading phases plotted indivigiual
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The coefficient of lateral pressure at rest for medloose, tamped specimens was
computed for virgin loading, unloading and reloadphases. The results are listed in
Table 5.14, Table 5.15 and Table 5.16.

Table 5.14K, values for T_M specimens subject to virgin loading

Reconstituted Ko at end of

TestID relative density virgin loading

(%) (o, = 250kPa)
T_M_201 33 0.362
T M _202 30 0.424
T_M_203 29 0.414
T _M_204 31 0.432
T_M_205 29 0.472
T_M_206 30 0.443

Table 5.15K, values for T_M specimens subject to unloading

Reconstituted Ko for unloading
Test ID relative density
(%) OCR=2 | OCR=5 |OCR=10| OCR=25
T _M_201 33 0.476 0.720 0.903 1.05
T_M_202 30 0.505 0.699 0.865 1.07
T_M_203 29 0.492 0.662 0.781 0.835
T _M_204 31 0.505 0.684 0.750 0.730
T_M_205 29 0.566 0.788 0.896 0.983
T_M_206 30 0.563 0.818 0.907 1.19
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Table 5.16K, values for T_M specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)
T_M_201 33 0.363
T M_202 30 0.410
T_M_203 29 0.406
T _M_204 31 0.420
T_M_205 29 0.456
T _M_206 30 0412

5.3.2 Dense specimens

Six (6) one-dimensional compression tests wereopadd on dense, tamped (T_D)
Fraser River sand specimens. The relative degsifithe test specimens ranged from 60
to 63%, with an average of 62%. Presented herthia, test data represents the
characteristic one-dimensional compression respohskense, tamped sand specimens
(Figure 5.27, Figure 5.28 and Figure 5.29). THedet of testing data for dense, tamped
specimens is available in Appendix B.2. From comnspas of the compression

responses in Appendix B.2, repeatability of théingsresults was verified.
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The coefficient of lateral pressure at rest forsiernamped specimens was calculated for

virgin loading, unloading and reloading phases ([@&hl7, Table 5.18 and Table 5.19).

Table 5.17K, values for T_D specimens subject to virgin loading

Reconstituted Ko at end of

TestID relative density virgin loading

(%) (o, = 250kPa)
T D_201 60 0.399
T D_202 63 0.420
T D 203 62 0.394
T D _204 62 0.329
T D 205 63 0.434
T D 206 61 0.358

Table 5.18K, values for T_D specimens subject to unloading

Reconstituted K, for unloading
Test ID relative density
(%) OCR=2 | OCR=5 |OCR=10| OCR=25
T_D 201 60 0.471 0.650 0.842 0.849
T_D_202 63 0.522 0.762 0.957 1.14
T _D_203 62 0.485 0.689 0.774 0.750
T_D 204 62 0.443 0.651 0.789 0.929
T _D_205 63 0.535 0.750 0.895 0.966
T _D_206 61 0.456 0.637 0.782 0.917
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Table 5.19K, values for T_D specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)
T_D_201 60 0.383
T_D_202 63 0.404
T_D_203 62 0.375
T_D_204 62 0.317
T_D_205 63 0.412
T_D_206 61 0.342

5.3.3 Very dense specimens

Five (5) one-dimensional compression tests werdopeed on very dense, tamped
(T_V) Fraser River sand specimens. The relativesidies of the test specimens varied
from 85 to 87%, with an average of 86%. Test datpresented herein to represent
typical one-dimensional compression response oy dense, tamped sand specimens
(Figure 5.30, Figure 5.31 and Figure 5.32). Farywdense, tamped specimens, the
complete set of testing data is available in Apperi8i3. Repeatability of the testing
results was verified from comparisons of the coragian responses plotted in Appendix
B.3.
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The coefficient of lateral pressure at rest foyw@gnse, tamped specimens was computed

for all loading phases (Table 5.20, Table 5.21 Babole 5.22).

Table 5.20K, values for T_V specimens subject to virgin loading

Reconstituted _Ko at end _Of

Test ID relative density VIrgln loading

(%) (o, = 250kPa)
T_V_201 87 0.328
T V 202 86 0.331
T V 203 87 0.341
T V_ 204 86 0.369
T V_205 85 0.356

Table 5.21K, values for T_V specimens subject to unloading

Reconstituted K, for unloading
Test ID relative density
(%) OCR=2 | OCR=5 |OCR=10| OCR=25

T V_ 201 87 0.403 0.606 0.763 0.799
T V_202 86 0.434 0.677 0.829 0.868
T_V_203 87 0.461 0.661 0.785 0.822
T V_204 86 0.491 0.680 0.845 0.868
T_V_205 85 0.439 0.624 0.732 0.926

Table 5.22K, values for T_V specimens subject to reloading

Reconstituted Ko at en.d of
TestID relative density reloading
(%) (o, = 400kPa)
T V 201 87 0.315
T V 202 86 0.322
T_V_203 87 0.323
T V 204 86 0.361
T V_205 85 0.345
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5.3.4 Effect of densification

For tamped specimens, the effect of densificationng reconstitution may be observed
by comparing the plotted compression test datgurEi5.33 compares horizontal versus
vertical effective stress during virgin loadingasding and reloading for medium loose,

dense and very dense tamped specimens.

(0]
From Figure 5.33, the slope of the stress pot,for virgin loading and reloading phases
increases with decreasing reconstituted relativesitle During unloading, similar
curvature is observed for all reconstituted deesjtwith the curves gradually converging

near zero vertical stress.

The coefficient of lateral pressure at rest asration of the vertical effective stress is
plotted in Figure 5.34 for medium loose, dense @@y dense tamped specimens. In
both virgin loading and reloading, the constdt value increases with decreasing
relative density. During unloading, all reconggul densities exhibit similar concave-up

curvature.
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The coefficient of lateral pressure at rest, calted at the end of virgin loading, was
compared for all seventeen (17) one-dimensionalptession tests performed on tamped
specimens (see Figure 5.35). The shaded regibigure 5.35 corresponds to a general
envelope estimated from the compression test gesult

1 O [ [ [
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Figure 5.35K, at the end of virgin loading for T specimens

Figure 5.35 corroborates previous observations afearease ik, with increasing
relative density. Also, the plot suggests thathwimcreasing reconstituted relative

density, the scatter in measutegvalues is minimized.
5.3.5 Effect of loading history

The effect of specimen loading history may be olesrior tamped specimens by

comparing the plotted compression test data. ldota versus vertical effective stress is
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shown in Figure 5.36 during virgin loading and ezling for a dense, tamped specimen.

A marginal decrease in the slope is noted fromiwilgading to reloading.
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Figure 5.36. Comparison of horizontal vs. vertiefi¢ctive stress during virgin loading
and reloading for T_D 201

Figure 5.37 shows the coefficient of lateral pressat rest during virgin loading and
reloading for a dense, air-pluviated specimen. plo¢ also shows a slight decrease in
the constank, value from virgin loading to reloading. As theespnen is reloaded past

its preconsolidation pressure, no noticeable chamig is observed.
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Figure 5.37. Comparisdf, vs. vertical effective stress during virgin loagliand
reloading for T_D_201

Although not shown here, the effect of loading dngton very loose, medium loose and
very dense tamped specimens was found to be cobipaxathat observed in dense,
tamped specimens (see Figure 5.36, Figure 5.37).

To best observe the effect of loading history, abefficient of lateral pressure at rest, at
the end of both virgin loading and reloading wampared for all seventeen (17) one-
dimensional compression tests performed on tampecirmens (see Figure 5.38). For all
reconstituted densitie&, values measured at the end of reloading are nalgilower

than those at the end of virgin loading.
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Additionally, the coefficient of lateral pressuré rast, determined for selected OCR
values during unloading, was compared for all seem (17) one-dimensional
compression tests on tamped specimens (see Figs®g K, values for all densities
increase as OCR increases, although not as drathatecs observed for air-pluviated
specimens. Again, the scatterkg values increases with increasing OCR, although not

as greatly as for air-pluviated specimens.
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5.4 Vibrated Fraser River sand specimens

54.1 Medium loose specimens

Six (6) one-dimensional compression tests wereopmdd on medium loose, vibrated
(V_M) Fraser River sand specimens. The relativesities of the test specimens ranged
from 24 to 34%, with an average value of 27%. Hs data presented herein represents
the typical one-dimensional compression responsemeflium loose, vibrated sand
specimens (Figure 5.40, Figure 5.41 and Figure)5.42r the complete set of medium
loose, vibrated specimen testing data and verifinadf repeatability, refer to Appendix
C.1.
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For all loading phases, the coefficient of latepabssure at rest for medium loose,
vibrated specimens was determined (Table 5.23 eTa¥ and Table 5.25).

Table 5.23K, values for V_M specimens subject to virgin loading

Reconstituted Ko at end of

TestID relative density virgin loading

(%) (o, = 250kPa)
V_M_201 26 0.485
V_M_202 24 0.463
V_M_203 28 0.471
V_M_204 34 0.455
V_M 205 26 0.448
V_M_206 26 0.461

Table 5.24K, values for V_M specimens subject to unloading

Reconstituted K, for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10| OCR=25
V_M_201 26 0.605 0.840 1.02 1.16
V_M_202 24 0.552 0.730 0.881 1.03
V_M_203 28 0.581 0.757 0.915 1.06
V_M_204 34 0.528 0.669 0.743 0.759
V_M_205 26 0.532 0.698 0.795 0.900
V_M_206 26 0.546 0.735 0.816 0.756
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Table 5.25K, values for V_M specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)

V_M_201 26 0.434
V_M 202 24 0.435
V_M_203 08 0455
V_M_204 34 0.439
V_M_205 26 0.438
V_M_206 26 0.419

5.4.2 Dense specimens

Six (6) one-dimensional compression tests wereopmdd on dense, vibrated (V_D)
Fraser River sand specimens. Relative densitiiseapecimens ranged from 58 to 64%
and had an average value of 62%. The test datpresented herein, describes the
representative one-dimensional compression respafndense, vibrated sand specimens
(Figure 5.43, Figure 5.44 and Figure 5.45). THesket of testing data for dense, vibrated
specimens is available in Appendix C.2. Repeatglof the results was verified from

comparisons of the compression response plots peAgix C.2.

120



Void ratio

V_D 202 + Virgin loading o Unloading = Reloading
0.76
0.75 4
0.75 “"Q»,\‘.
0.74 \"Mw, ot
0.74 2
0.73 °o%°fnfo°'3,"°‘"’ 08 00py W

9° 9o, ooonon:::nnmq

0.73 00060
0.72
0.72
0.71
0.71

1 10 100

Vertical effective stress (kPa)

Figure 5.43. Void ratio vs. vertical effective ssdor V_D_202

1000

121



Horizontal effective stre Horizontal effective stre

Horizontal effective stre

(kPa)

(kPa)

140 ‘ ‘
120+ + V_D_202, Virgin loading ]
IR 4¢
100 PPC e
AOO’.’
80 T
60 ooos” oot
40 e
20 A7(‘
0 :
0 50 100 150 200 250
Vertical effective stress (kPa)
140 ‘ ‘
1204 © V_D 202, Unloading =
100- PR
80 00?° 5 °° 00??
60 . 0o 00 oo 0o©
40 000"
o°°°°
0 T T T
0 50 100 150 200 250
Vertical effective stress (kPa)
200 ‘ : :
= V_D 202, Reloading i
150 - uuuuuuunuu
|:||:||:'I:":":I .
100 e
50 | I:lum:ll:':lul:“:..:n:u:u:l
g™
0 M T T T T
0 50 100 150 200 250 300 350 400

Vertical effective stress (kPa)

Figure 5.44. Horizontal vs. vertical effective sgdor V_D_ 202

300

300

450

122



Coefficient of later Coefficient of later

Coefficient of laters

pressure at rest pressure at rest

pressure at rest

20

+ V_D_202, Virgin loading

1.8
15

1.3

1.0

0.8

0.5 S —
. ST seeees

0.3

$0000 900000000000

0.0 + ‘
0 50 100 150 200 250

Vertical effective stress (kPa)

2.0
1.8 1

= V_D_202, Unloading

APl

1.5
13 %o o

Py
o
&

1.0 oo
0.8
0.5+
0.3

O00po
oo
%0o
0o

Q009

Poooo
°°°°°°°Ooo°oo°°°¢

0.0 T \

0 50 100 150 200 250
Vertical effective stress (kPa)

2.0

s V_D 202, Reloadin

1.8
15

QL

13
1.0

0.8
0.5
0.3

0.0 ‘

0 50 100 150 200 250 300 350 400
Vertical effective stress (kPa)

Figure 5.45K, vs. vertical effective stress for V_D_202

300

300

450

123



The coefficient of lateral pressure at rest fors#grvibrated specimens was computed for
virgin loading, unloading and reloading phasegjetsiled in Table 5.26, Table 5.27 and
Table 5.28.

Table 5.26K, values for V_D specimens subject to virgin loading

Reconstituted Ko at end of

Test ID relative density virgin loading

(%) (o, = 250kPa)
V_D 201 62 0.508
V_D 202 62 0.456
V_D_203 64 0.493
V_D 204 63 0.391
V_D_205 64 0.511
V_D_ 206 58 0.454

Table 5.27K, values for V_D specimens subject to unloading

Reconstituted K, for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10| OCR=25
V_D 201 62 0.620 0.879 1.10 1.37
V_D_202 62 0.577 0.840 1.06 1.30
V_D_203 64 0.642 0.952 1.12 1.32
V_D_204 63 0.503 0.736 0.895 1.07
V_D_205 64 0.635 0.889 1.14 1.48
V_D_206 58 0.582 0.815 1.03 1.23
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Table 5.28K, values for V_D specimens subject to reloading

Reconstituted Ko at end of
Test ID relative density reloading
(%) (o, = 400kPa)
V_D 201 62 0.474
V_D_202 62 0.412
V_D_203 64 0.446
V_D_204 63 0.379
V_D_205 64 0.466
V_D_206 58 0.423

54.3 Very dense specimens

Five (5) one-dimensional compression tests werdopeed on very dense, vibrated
(V_V) Fraser River sand specimens. The relativesiies of the test specimens ranged
from 84 to 86%, with an average of 85%. Test qatsented herein represents the
typical one-dimensional compression response foy dense, vibrated sand specimens
(Figure 5.46, Figure 5.47, and Figure 5.48). RédeAppendix C.3 for the full set of
testing data for very dense, vibrated specimensmgarisons of the plots in Appendix

C.3 verifies repeatability of the testing results.
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For very dense, vibrated specimens, the coeffic@niateral pressure at rest was
calculated for all loading phases (Table 5.29, &hB0 and Table 5.31).

Table 5.29K, values for V_V specimens subject to virgin loading

Reconstituted _Ko at end _Of

Test ID relative density VIrgln loading

(%) (o, = 250kPa)
V_V 201 86 0.466
V_V_202 84 0.398
V_V_203 86 0.432
V_V_204 85 0.415
V_V_205 84 0.430

Table 5.30K, values for V_V specimens subject to unloading

Reconstituted K, for unloading
Test ID relative density

(%) OCR=2 | OCR=5 |OCR=10 | OCR=25
V_V_ 201 86 0.598 0.917 1.21 1.86
V_V_202 84 0.467 0.673 0.836 0.915
V_V_203 86 0.590 0.902 1.18 1.54
V_V_204 85 0.539 0.789 1.01 1.24
V_V_205 84 0.581 0.850 1.09 1.40

Table 5.31K, values for V_V specimens subject to reloading

Reconstituted Ko at end of
Test 1D relative density reloading
(%) (o, = 400kPa)

V_V 201 86 0.434
V_V_202 84 0.383
V_V_203 86 0.395
V_V_204 85 0.377
V_V_205 84 0.415
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5.4.4 Effect of densification

For vibrated specimens, the effect of specimenitieaison during reconstitution may be
examined by comparing the plotted compressionresilts. In Figure 5.49, a plot of
horizontal versus vertical effective stress dunimgin loading, unloading and reloading

is shown for medium loose, dense and very dengateith specimens.

From Figure 5.49, the slope of the linear stress, pﬁ , for virgin loading and reloading

phases tends to increase slightly with decreagognstituted relative density. Still, the

(0]
decrease inK for vibrated specimens appears to be less promiham that noted in
both air-pluviated and tamped specimens. Similarvature is observed for all
reconstituted densities during unloading.

Figure 5.50 displays the coefficient of lateralgmare at rest versus the vertical effective
stress for medium loose, dense and very densetetbhigpecimens. The constdfy

values for both virgin loading and reloading tendiricrease with decreasing relative
density, if only slightly. During unloading, aleconstituted densities exhibit similar
concave-up curvature. As unloading progresseseto effective vertical stress, the

curves slightly diverge.
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To examine the overall effect of densification, toefficient of lateral pressure at rest at
the end of virgin loading was compared for all sggen (17) one-dimensional

compression tests performed on vibrated specimses Figure 5.51). Note that the
shaded area in Figure 5.51 corresponds to a geesvalope derived from the testing

results.

10 [ [ [
g 0.9 ® Vibrated specimens (end of virgin loading)
%
o 0.8
?
g 0.7
o
S
2 06
©
T 05 I s s R e _
< ggé L 'f.-":'f:"z'fzf_,,-'::":'f:" e
— e e e W e
Y— e e b ol e
S 0.4 , Zhire et
—
c
2L 0.3
L
=
q-) —
0 0.2
@)

0.1

0.0 ‘

0 20 40 60 80 100

Reconstituted relative density (%)

Figure 5.51K, at the end of virgin loading for V specimens

Figure 5.51 suggests, may decrease with increasing density for very éerbrated
specimens, however, the test data is less tharireong, especially when compared with

the trends previously observed for air-pluviated tamped specimens.
5.4.5 Effect of loading history

For vibrated specimens, the effect of specimenitmpadiistory may be observed by

comparing the plotted compression test data. Ei§us2 compares the horizontal versus
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vertical effective stress during virgin loading ameloading for a dense, vibrated

specimen. A decrease in slope is evident fromrvikpading to reloading phases.

V_D 202

180

+ Virgin loading

160

s Reloading

Fumd:md’_

140 - _rpnnuﬂadr
120

100 o

Horizontal effective stress (kPa)

N Iy [e2] (0]
o o o o o
I I I I

0 50 100 150 200 250

Vertical effective stress (kPa)

300

350

400

450

Figure 5.52. Comparison of horizontal vs. vertiefi¢ctive stress during virgin loading
and reloading for V_D_202

Figure 5.53 shows the coefficient of lateral pressat rest versus vertical effective stress

during virgin loading and reloading for a dense;phuviated specimen. The plot again

indicates a decrease in the constiptvalue from virgin loading to reloading. No

obvious variance i, is observed as the specimen is reloaded pastet®psolidation

pressure.
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Figure 5.53. Comparisdf, vs. vertical effective stress during virgin loagliand
reloading for V_D_202

Although not shown here, the effect of loading dmgton very loose, medium loose and
very dense vibrated specimens was found to beaitalthat observed in dense, vibrated
specimens (see Figure 5.52, Figure 5.53).

For all seventeen (17) one-dimensional compresdesis performed on vibrated
specimens, the coefficient of lateral pressureest, romputed at the end of both virgin
loading and reloading, was plotted to illustrate dverall effect of loading history (see
Figure 5.54). For all densitiek, values measured at the end of reloading are hess t

those at the end of virgin loading.
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Figure 5.54K, at the end of virgin loading and reloading forpésimens

In addition, the coefficient of lateral pressuraedt, computed for selected OCR values
over the unloading phase, was compared for all deea (17) one-dimensional
compression tests performed on vibrated specinsaesKigure 5.55)K, values increase
as OCR increases for all reconstituted densiti€bis increase is noticeably greater at
higher relative densities. As noted for other restibution methods, the scatter ki
values increases markedly with increasing OCR. if\gthis effect seems to present

more prominently at higher densities.
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Figure 5.55K, at varied OCR values during unloading for V spesis

5.5 Fraser River sand specimens at varied strain rates

Six (6) one-dimensional compression tests wereopadd on dense Fraser River sand

specimens at varied strain rates. The aim ofsiiigs of tests was to investigate whether

the results of the core testing program, derivadguene selected strain rate, would be

significantly impacted if the tests were conducedther rates of strain. Two strain rates

were selected that differed by an approximate faaftéen from the 0.015 mm per minute

standard rate used in the core testing prograne..-d.rate of 0.0018 mm per minute

(about ten times slower than the standard rate)aarade of 0.15 mm per minute (about

ten times faster than the standard rate) were ohosein.
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At a given strain rate, one test was performecdeémh specimen reconstitution technique.
All six tests were performed on dense specimengimgnfrom 60 to 65% relative

density, with an average density of 62%.

The coefficient of lateral pressure at rest, catad at the end of both virgin loading and
reloading, was determined for all six (6) one-disienal compression tests performed on
dense specimens at varied strain rates. Figur@ &Bpares th&, results for air-

pluviated specimens at varied strain rates with a@lepluviated results from Chapter
5.2.3. These results suggest that the one-dimesiscmmpression tests performed on

dense, air-pluviated specimens are reasonably ambmt of the testing strain rate.
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S e
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Figure 5.56K, for AP_D specimens at varied strain rates

In Figure 5.57K, results for tamped specimens at varied strairs rate compared with
the tamped specimen results from Chapter 5.3.2aimAghe results indicate that the one-
dimensional compression tests performed on deasepdd specimens are practically

independent of the testing strain rate.
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Figure 5.57K, for T_D specimens at varied strain rates

Figure 5.58 compares thg results for vibrated specimens at varied straiesravith the
vibrated results from Chapter 5.4.2. These reslikiswise indicate that the one-
dimensional compression tests performed on denbegted specimens are practically
independent of the rate of strain.

Although testing at varied strain rates was onlgfgrened on dense specimens, it may be
reasonably inferred that very loose, medium loas® \eery dense specimen test results

would also be independent of the rate of strain.
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Figure 5.58K, for V_D specimens at varied strain rates
5.6 Saturated Fraser River sand specimens

Three (3) one-dimensional compression tests werferpged on dense, saturated Fraser
River sand specimens. The purpose of this sequanests was to investigate whether
the results of the core testing program, derivethqugdry specimens, would be
significantly impacted if the tests were conductesing saturated specimens instead.
One saturated test was performed for each speaiavenstitution technique. Specimens
ranged from 57 to 63% relative density, with anrage of 61%. The procedure

employed for specimen saturation is described iap@dr 4.5.

For the end of both virgin loading and reloadirige toefficient of lateral pressure at rest
was determined for all three (3) one-dimensionampeession tests performed on
saturated specimens. Figure 5.59 compare&ghesult for the saturated, air-pluviated
specimen with the air-pluviated results from Chapt@.3. The results suggest that the
one-dimensional compression tests performed onedesis-pluviated specimens are

reasonably independent of specimen saturation.
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Figure 5.59K, for AP_D saturated specimen

Figure 5.60 compares th& result for the saturated, tamped specimen withtahgped
results from Chapter 5.3.2. Again, the resultsicai® that the one-dimensional
compression tests performed on dense, tamped spesiare practically independent of

specimen saturation.

For saturated, vibrated specimens, Figure 5.58 aoesptheK, results with the vibrated
results from Chapter 5.4.2. Once more, the resshiswv that the one-dimensional
compression tests performed on dense, vibratedmnspes are basically independent of

specimen saturation.

Although saturated testing was only performed amsdespecimens, it may be reasonably
inferred that very loose, medium loose and verysdespecimen test results would also

be independent of specimen saturation.
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5.7 Post-test Fraser River sand gradations

A series of sieve analyses was performed on seleetaser River sand specimens
subsequent to one-dimensional compression tesfifige goal of these analyses was to
determine if any notable particle damage occurngthd either specimen reconstitution
or one-dimensional compression testing. Partial@abe, easily identified by changes in
the grain size distribution curve, has been shownatfect the one-dimensional

compression response of sand (Nakata, Hyodo, H§ate, & Murata, 2001).

Figure 5.62 compares representative post-test tioadafor very dense specimens
reconstituted by air pluviation, tamping and vibyat with the material gradation
determined prior to specimen reconstitution and m@ssion testing. No major changes

are visible in the particle size distributions lo¢ tested specimens.

100
IEER

9 1 ¢ Original FRS gradatio
80 - A AP_V (post-test)

70+ X T_V (post-test) /
60 || OV_V (post-test) /

-

40

Percent Finer (%)
g
TR

30 1

20 1

10 +

0 3
0.01 0.1 1 10

Grain Diameter (mm)

Figure 5.62. Post-test particle size distributiohBraser River sand
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6 ANALYSISAND DISCUSSION

6.1 Roleof particlefabricin one-dimensional compression of sand

As noted earlier, when studying the mechanical Welia of soil, it is important to

account for the effect of particle fabric. Gramukpoil fabric in both reconstituted

laboratory specimens and in-situ soil deposits shéwe carefully considered. Often,
methods utilized in engineering practice for deieation of soil behavioural properties
do not acknowledge the possible influence of fabNeglecting to address fabric effects
may result in inaccurate estimation, jeopardizirggign safety, cost or both. As
discussed herein, results from the present stuthpdstrate that the coefficient of lateral

pressure at rest can indeed be affected by grapattcle fabric.

The effect of initial particle fabric may be obsetvby comparing individual compression
test results and by evaluating representafi4evalues over the entire core testing
program. For brevity, only compression responsgspfor dense specimens will be
presented herein. Regardless, the effect of irp@aticle fabric on medium loose and
very dense specimens was found to be analogousatobserved in dense specimens.

Data sets oK, values for all specimens tested will be offeredsaguently.

Figure 6.1 compares the horizontal versus vergffaktive stress response during virgin

loading and reloading for dense specimens prephyeair pluviation, tamping and

(0]
vibration. For both virgin loading and reloadirnige slope of the linear stress plét, is

greatest for the dense, air-pluviated specimenleast for the dense, tamped specimen.

(0]
The K value for the dense, vibrated specimen falls iwben these two extremes.

Figure 6.2 display¥, as a function of the vertical effective stressimyvirgin loading
and reloading for dense specimens prepared bylanagion, tamping and vibration.
The stabilized{, value is greatest for dense, air-pluviated specgrand least for dense,
tamped specimengK, for dense, vibrated specimens lies in betweerethgs extremes.
This is observed for both virgin loading and relogadhases.
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6.1.1 Medium loose specimens

To provide a comprehensive overview of the effédnhitial particle fabric,K, at the end
of virgin loading and reloading was calculated aodpared for all nineteen (19) one-
dimensional compression tests on medium loose e®S (see Figure 6.3). Air-
pluviated specimens produced the high&stalues, tamped specimens ranked the lowest
and vibrated specimens produced intermediate valu&katter was slightly more
prominent for air-pluviated specimens.
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Figure 6.3K, during loading for medium loose specimens of déife initial fabrics

Additionally, K, for four approximate OCR values during unloadingsvweompared for

tests performed on medium loose specimens (seegeF@yd). Again, air-pluviated,

values ranked the highest while tamped specimems generally the lowest. Vibrated

Ko values were similar to those from tamping, exampirginally greater overall.K,

increased with increasing OCR, most notably forphunviated specimens. Scatter also

increased with increasing OCR and was greaterifgrlaviated specimens.
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6.1.2 Dense specimens

Similarly, K, at the end of virgin loading and reloading was pared for all nineteen
(19) one-dimensional compression tests performedemse specimens (see Figure 6.5).
Air-pluviated specimens produced the highiéstvalues, tamped specimens ranked the
lowest and vibrated specimens gave intermedianyegal
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Figure 6.5K, during loading for dense specimens of differerttahfabrics

As well, K, calculated during the unloading phase was comparetksts performed on

dense specimens (see Figure 6.6). As observetpsty, dense air-pluviateld, values

ranked the highest while tamped specimens weréothest. Vibrated, values ranked

in the middle. K, increased with increasing OCR, most notably fa #r-pluviated

specimens.

Scatter also increased with increa®@& and was only slightly more

prominent for air-pluviated specimens.
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6.1.3 Very dense specimens

Lastly, K, at the end of virgin loading and reloading was pared for all sixteen (16)
one-dimensional compression tests performed on denge specimens (see Figure 6.7).
Air-pluviated specimens produced the highiéstvalues, tamped specimens ranked the

lowest and vibrated specimens gave intermediateegal
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Figure 6.7 K, during loading for very dense specimens of diff¢initial fabrics

Also, K, was compared for tests performed on very denseimpas (see Figure 6.8).
Although not significantly different at low OCR wals, air-pluviated, values ranked
the highest while tamped specimens were the lowggiratedK, values ranked in the
middle. K, increased with increasing OCR, primarily for vilee and air-pluviated
specimens. Scatter also increased with increaSi@& for air-pluviated and vibrated

specimens only.
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6.1.4 General remarks

An interesting observation can be made about thaweur of the tested specimens with
respect to their reconstituted fabrics. As desctin Chapter 2.2, different specimen
reconstitution techniques have been shown to pedadable particle fabrics. To obtain
a precise description of the initial specimen febprepared in the present study, further
research is required. Reliable assessment and atmop of fabric would involve
microscopic examination of preserved and dissespedimen sections and is outside the

scope of the present study.

Still, there is opportunity to offer some genemharks about the probable initial particle
fabric arising from the different reconstitutiorcibmiques. From Chapter 2.2.1, pluviated
granular specimens, once preserved and sectioaed,ldeen shown to exhibit a strongly
preferred grain orientation in vertical sectiongthwthe long particle axes normal to the
vertical plane (Mahmood & Mitchell, 1974). Tampgthnular specimens in Chapter
2.2.2 have been shown to exhibit a weakly bimodafguential grain orientation in
vertical sections, with the long particle axes radig at about 45° from the horizontal
(Mahmood & Mitchell, 1974). Finally, from Chapter2.3, vibrated granular specimens
have been shown to exhibit practically random gaaientation (Mahmood & Mitchell,
1974).

Considering that the stress-strain response ofuggaispecimens has been linked to the
particle fabric, it is not unreasonable to exphlet the grain orientation would have some
correlation with the measured coefficient of lakepaesent at rest. Air-pluviated
specimens consistently showed the gredfgstalues, and as presented above, this would
correspond to the case where the long particle asegrimarily oriented normal to the
vertical plane. Vibrated specimens consistentlpwsdd intermediatél, values, with
presumably random grain orientation. Tamped spegsmconsistently yielded the
smallestK, values, with the long particle axes presumablyliten to be oriented at 45°
from the horizontal. It is possible that as graiientations shift from normal positioning,
with respect to the vertical plane, to more palalieentation along the vertical plane, the

coefficient of lateral pressure at rest decreases.
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While further research is obviously needed, theaidkeat a mechanical behaviour
property, in this cask,, could be linked to the general characteristicenitial particle
fabric is intriguing. From the results of the messtudy, a reasonable approach may be
to empirically correlateK, to the method of specimen reconstitution, in additto

accounting for the effects arising due to density averconsolidation.
6.2 Determination of the coefficient of lateral pressureat rest

In this section, the methods described in Chaptefd determination of the coefficient
of lateral pressure at rest will be evaluated watpect to the test results from the present

study.
6.2.1 Determination of K, during virgin loading

The first method for the coefficient of lateral psare at rest to be examined is the Jaky
(1948) simplified formula (Eg. 2.2). Recall thaky’s formula is intended for the virgin
loading phase only and is designed to be usedthaleffective friction angleq’) of the

soil (Mayne & Kulhawy, 1982). Estimating the effige friction angle of soil for use in
this equation can be a complex task. Not onlyésdffective friction angle a function of
initial relative density, but also, it is a funatiof confining pressure. Moreover, the
value of friction angle measured in the laboratcay be affected by the loading modes
(i.e., specific testing apparatus utilized) anddikely, by the particle fabric (Bolton,
1986; Lee & Seed, 1967).

In line with previous researchers, it may be pradenexamine the applicability of the
effective friction angle in determination &f, with respect to observations from the
present study. Chapters 5.2.5, 5.3.4 and 5.4 dilel@tthe observed effects of initial
relative density on the measured coefficient oéralt pressure at rest. Over#l, had a
tendency to decrease with increasing initial re&@tdensity. IfK, can indeed be
represented as Jaky's function of the effectivetitih angle, ther(1-sing/) must also

decrease with increasing relative density. Becatisbas been shown to be greater at

higher degrees of relative density, this implieattfi-sing/) would be expected to
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decrease with increasing relative density, thugpstmg Jaky’s supposition (Cornforth,
1973).

In contrast, the plots d€, versus vertical effective stress, presented inp@hab for each
reconstituted fabric and initial density, yield #f@rent observation with respect to the
dependence org'. Compression tests in the present study, exeaupetb 400 kPa
vertical effective stress, indicate that after mitéd period of initial loadingK, is
reasonably independent of the vertical effectivesst [IfK, is truly a singular function

of ¢', this observation would be inconsistent with theegpted fact tha is dependent

on confining stress (Lee & Seed, 1967).

Furthermore, Chapter 6.1 clearly demonstratesKhas a function of the reconstituted
particle fabric. IfK, can be reasonably represented as a function dadfteetive friction

angle, among other parameters, then the effecanicfe fabric ong 'must be quantified.

While the influence of fabric on the drained striéngf Fraser River sand specimens has
not yet been experimentally assessed, it may bednthtat the undrained strength of
Fraser River sand has been shown to be a functiothe particle fabric (Vaid,
Sivathayalan, & Stedman, 1999).

Collectively, these observations suggest that #terchination oK, using ¢ 'alone may

be inherently flawed. Based on results from thesent study, it seems that there is
opportunity to examine and propose an approachetmaK, in a more appropriate
manner, while accounting for the effects of relatdensity, confining stress and particle

fabric.

As an initial step in this effort, it was decidediuild upon the well-established assertion
that K, is related to the drained strength (Jaky, 1944ymda& Kulhawy, 1982).

Knowing the uncertainties associated with it'was considered prudent to instead use

the constant-volume friction anglel_, , as the parameter representing drained strength.

The constant-volume friction angle represents theel bound of shearing resistance
(Negussey, Wijewickreme, & Vaid, 1988). For sarnlsa loose state, the effective

friction angle is considered to be equivalent te ttonstant-volume friction angle.
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Importantly, the constant-friction angle is gengraiccepted to be a unique function of
mineral composition alone and independent of infg&ative density and confining stress
(Negussey et al., 1988). Additionally, experiméstadies on Fraser River sand confirm

that ¢/, is also independent of the specimen reconstituteanique and hence, is

independent of particle fabric (Vaid et al., 1999Constant-volume friction angles
reported for Fraser River sand range from 32 to(S#7athayalan, 2000; Uthayakumar,
1996).

Based exclusively on results from the present stukg following relationship was
constructed to describe the coefficient of latpralssure at rest during virgin loading as a

function of g, , the reconstituted particle fabric and the initehtive density:

cv!?

Koe = (F - m)(l—sin qa'cv); whereK .. = K, during virgin loading
F =fabric factor

m = density parameter
Eq. 6.1

To account for the effect of initial particle fataria “fabric factor” is introduced. The
fabric factorF, attempts to express the effect of a given inggaticle fabric with respect
to the initial fabric conditions prevalent in a ydoose specimen. As such, the value of
the fabric factor would be a constant for a givggecemen reconstitution method,
determined by calibration with respect to labonatét, measurements. Based on
examination of the present study’s data using d@pigroach, the following fabric factors

are proposed for use with Fraser River sand:

Table 6.1. Fabric factors for different specimerorestitution methods in present study

Specimen
reconstitution Fabric factor, F
method
Air pluviation Fap = 1.20
Tamping Fr=0.95
Vibration F,=1.05
No densification Fn=1.00
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The density parametem, dictates the slope of th&,,c curve and is designed to be a
function of the initial relative density. Workirgackwards from the results of the present

study,m may be estimated by the following equation:

m= 4’ ; where D, =initial relative density
Eg. 6.2
Therefore, the equation &, becomes:
2
KOI’]C =(F - Dr j(l_SInwcv)
4
Eg. 6.3

In accordance withg, values reported in literature for Fraser Riverdsagl,, was

assumed to be equal to 32° for the present study.

For the case of non-densified specimemg, = 1&88d D, =0. Therefore, the

equation foKync for non-densified specimens simplifies to thedwling:

Ky = (1—%}(1—% ¢, )=1-sing,

Eq. 6.4

Note that this equation (Eq. 6.4) is equivalenia@y’s relation for very loose specimens
during virgin loading, and it also coincides withat suggested by Mesri and Hayat
(1993) for granular soils not subject to densifimat The test results at the end of virgin
loading and thé&ync approximation for non-densified specimens usirgylopose&onc

formula (Eq. 6.3) are presented in Figure 6.9. Aéw equation provides a reasonable fit

for the very looseld; = 0%), non-densified sand specimens from the ptesady.
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Figure 6.9Konc at the end of virgin loading for non-densified gpgens compared with

the propose®,crelation (Eq. 6.3)

Figure 6.10 plots the test results at the end mfiviloading and th&,,c approximations

for densified specimens using

the propo&ggl formula (Eqg. 6.3). The new equation

provides a reasonable fit for the densified spensrfeom the present study.
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Figure 6.10K, at the end of virgin loading for densified speammeompared with the

proposedync relation (Eq. 6.3)
6.2.2 Determination of K, during unloading

The next method for the coefficient of lateral grgge at rest to be evaluated is the
Schmidt (1976) equation for specimen unloading &8). Recall that the formula for
Kou requires the coefficient of lateral pressure dyrirvirgin loading, the
overconsolidation ratio (OCR) and the at-rest relooyarametera). As OCR is
continually increasing during the unloading phafstests conducted in this program, four
different values of OCR were selected for assessofaf,,. Approximate values of 2, 5,

10 and 25 were chosen to represent the range of @Ry unloading.

The appropriate estimation farhas been defined differently by Schmidt (1976), Nay
and Kulhawy (1982) and Mesri and Hayat (1993). ndidh proposed a constant value
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between 0.3 and 0.5 for sands. Mayne and Kulhawyetided thatr =sin¢g'. Mesri
and Hayat recommendeq =sing/,. For the present study, a constant value of 0.35

was selected for, in accordance with Schmidt’'s original suggestiohherefore, the
equation proposed for determination of the coedfitiof lateral pressure at rest during

unloading is as follows:

Koy = KF - [ZZJ(l—sinqo'cv)}OCRo'%

Eg. 6.5

For the case of non-densified specimens, the exquédr Ky, simplifies to the following:

K, =([-sing_)JOCR®®
Eg. 6.6

Figure 6.11 plots the test results at selected @@lRes during unloading and ti&,
approximation for non-densified specimens using teposed formula for the
coefficient of lateral pressure at rest during adiog (Eqg. 6.5). For OCR = 2, 5 and 10,
the proposed equation fits the test data quite.wall OCR = 25, the equation slightly
overestimateX,, Overall, the new equation provides a reasonéblér the non-
densified specimens from the present study.

Figure 6.12 and Figure 6.13 comp&ig for densified specimens at selected OCR values
during unloading with the proposéq, equation (Eqg. 6.5). At OCR = 2 and OCR =5,
the proposed equation matches the test data rdagameall for all reconstituted densities
and particle fabrics. As unloading progressesttec@abserved in the data increases
appreciably. At OCR = 10 and OCR = 25, the progosquation tends to slightly
overestimateK,, at lower relative densities. Still, the new edquatseems to provide a

reasonable fit for the densified specimens frompifesent study.
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Figure 6.11K,, at OCR = 2, 5, 10 and 25 during unloading for densified specimens
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162



2.5

15

1.0

Coefficient of lateral pressure at rest

2.0

Unloading, OCR =10

A Air-pluviated specimens D2
x Tamped specimens |K,, = [( F- 4r j(l— sing., )}OCR 035
O Vibrated specimens
4 KofF = Fu}
A / A A
: / Ay A
A A
A A Ga

A
o AX
M

0.5
KofF = F}
Kou{F = FT}
0.0 : :
20 40 60 80 100
Reconstituted relative density (%)
0 Unloading, OCR =25

‘g»j A Air-pluviated specimens
= x Tamped specimens Koo {F = Fuo}
o 55 0O Vibrated specimens K.{F =F,}
>
g Kou{F = T}
= A
© o
g
< ADA
5 1.5 A O ——
s 4 | "fggy | | a4
g I e e
O | X I
E 1.0 JD—‘%;R‘ 3 5%
O O x0O X

0.5 :

20 40 60 80 100

Reconstituted relative density (%)
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6.2.3 Determination of K, during reloading

Two primary approaches exist for determinationha toefficient of lateral pressure at
rest during reloading: the Mayne and Kulhawy (198@)ation (Eqg. 2.6) and the Mesri
and Hayat (1993) formula (Eg. 2.12). The equagimposed by Mesri and Hayat (1993)

(0]
incorporatesK, the slope of the horizontal versus vertical dffec stress plot in

(o]
recompression. While the introduction of tKe parameter is an interesting concept, its
relevancy to the present study is questionableallg, an equation for the coefficient of
lateral pressure at rest would not only providesoeable estimations, but moreover,

would be computed without requiring specifiG-laboratory testing data. Theo(
parameter itself is a product of one-dimensionahgi@ssion testing data of the material
of interest. To be of practical significance, grgrameters introduced to determikg
should preferably serve to absolve the need fommckr laboratory testing. Therefore,
only the Mayne and Kulhawy (1982) approach will éealuated with respect to the

present study.

Recall that the Mayne and Kulhawy (1982) formulaKg; requires the effective friction
angle of the soil, the overconsolidation ratio, ttmaximum overconsolidation ratio
(OCRnay), the at-rest rebound parameter and the empmétaad coefficientry). In the

present study, specimens are unloaded to near eftgctive vertical effective stress
before reloading. The stress history parameteRQE is therefore approaching infinity

for the reloading phase, and the equatiorkipbecomes:

_ OCR _ OCR | _ OCR _ OCR
K”‘K"m(—omaﬁ;:)}*mf(l OCRMJ ‘K°“°[(Soo><l-”>}m{1 () oo)J

= Kone(= 0)+m (1=(~ 0))=m

T

Eq. 6.7

Estimated empirically, based on data from the prestidy, m = 09K _ .. Combining

the simplified equation foK,, (Eq. 6.7) and the proposed formula Ko, during virgin
loading (Eqg. 6.3), the following results:

164



2

K,=m = 09K, = (O.9)|:[F - D4f J(l—sinqdcv)}

Eqg. 6.8

For the case of non-densified specimens, the exquédr K, simplifies to the following:

K, =m =09K__ =(09)1-sing,,)
Eg. 6.9
Figure 6.14 plots the test results at the end wiviloading and th&,, approximation

for non-densified specimens using the propdsgdormula (Eq. 6.8). The new equation

provides a reasonable fit for the non-densifieccspens from the present study.
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Figure 6.14K,, at the end of reloading for non-densified specisnempared with the

proposed,, relation (Eq. 6.8)

Figure 6.15 plots the test results at the end lofackng and the,, approximations for
densified specimens using the proposégd formula (Eg. 6.8). The new equation

provides a reasonable fit for the densified spensfeom the present study.
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7 CONCLUSIONSAND RECOMMENDATIONS

In conclusion, the primary objective of the pres&ndy is to examine the effect of initial
particle fabric on the one-dimensional compressieaponse of reconstituted sand
specimens. One-dimensional compression tests laidnal stress measurement were
carried out on reconstituted Fraser River sand ismets. Laboratory specimen
reconstitution methods were developed in order dostruct different initial particle

fabrics. Three different techniques were utilizad: pluviation, tamping and vibration.

In addition, the effects of initial relative derys#and loading history on the compression
response were evaluated. The principal obsenativom the present study are

summarized herein.

General compression response observed in the presely was parallel to that reported
by other researchers. During both virgin loadimgl aeloading,K, achieves a near
constant value early in loading and continues iat ¢bnstant value for the remainder of
the loading phase. Measurkgvalues during unloading increase markedly, in sxad
unity. In reloading, measuréag, values are slightly reduced from those observed in
virgin loading. Furthermore, observations regagdime effects of initial relative density
showed that measuréq, values generally decrease with increasing redoesd relative

density.

More importantly, the characteristic response olegkin one-dimensional compression
was found to be significantly affected by the laiory reconstitution method (i.e., initial
particle fabric). Air-pluviated specimens yielcethighesK, values, tamped specimens
produce the lowes{, values and vibrated specimens ranked intermed{aieen that the
current methods utilized in practice for determimmatof K, do not account for particle
fabric, it is deemed appropriate to propose a redation to describe the one-dimensional

compression response of Fraser River sand bastt gasults of the present study.

A “fabric factor” is introduced to account for tleéfect of the initial particle fabric on the
measured coefficient of lateral pressure at résding the fabric factorf, the constant-

volume friction angle and the initial relative daps a new equation defining the
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coefficient of lateral pressure at rest during wirlpading is proposed. The equation is

shown to fit well with the results from the presenidy.

Further research should be pursued to more tholpugVestigate the behaviour of sand
in one-dimensional compression. Specific attentslwould be paid to specimen
densification and the effect of both inherent anmdheng particle fabric on the
coefficient of lateral pressure at rest. Also, theponse behaviour &, for different
loading phases should be carefully examined. Maredurther research may help to
define the most appropriate methods for determonatof K, in practice. The
applicability of a more general “fabric factor” father sands and granular materials

should be considered.

In a more universal sense, the present study stsmuice as a reminder that the particle
fabric in laboratory specimens and in-situ depasitsst be duly acknowledged. Diverse
particle fabric can have a distinct effect on al'somechanical behaviour, as
demonstrated herein, and must not be ignored ictipeaor in the laboratory. Further in-
depth research and laboratory testing is requioedssist in clarifying the link between
particle fabric and response behaviour.
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APPENDIX A. TEST DATA FOR AIR PLUVIATION

Appendix A.1. Very loose specimens
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Figure A.1.1. Test data for AP_L_ 201
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Appendix A.2. Medium loose specimens
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Appendix A.3. Dense specimens
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Appendix A.4. Very dense specimens

AP V 201 + Virgin loading - Unloading = Reloading
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APPENDIX B: TEST DATA FOR TAMPING

Appendix B.1. Medium loose specimens

T_M_201 + Virgin loading - Unloading = Reloading
0.86
0.85 -
= 084 b2 ba 223 Mates VN
©
= 08 s e b o s "‘"*snn.w*
° ° °% 0% % 3 88 s Aangngn
5 0.82 Ran
> 081
0.80
0.79
1 10 100 1000

Vertical effective stress (kPa)

3

o 200

=

S 150 —

ﬂq:) g 100 @mmunﬂ:‘tﬂdﬂ

— N ﬂ:l:nﬂﬂ

T < WINTY st

c

(@]

N

o

L 0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

T 7 20

g 2

5 T 15

|5 % 1.0 8 %

_% =R %z.,%%

= 000004,

= 2 0.5 — °°°°°"vovoo°nn

8 ol mrﬂnmm.u.......u ............ ) OO 0 B0 00 B0 35 0O 000 00 0 00 00 00 00 Opo O

O 0.0 : : : ‘
0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure B.1.1. Test data for T_M_201

200



Horizontal effective str Void ratic

Coefficient of latel

T_M_202 + Virgin loading - Unloading = Reloading

0.87

0.86 torm o oo o $overmrenon
404000000

0.85

N
0.84{a0 B0 o o, 04| 8§ 8 Aon o“o“o“o"bn:"bﬂb‘bm m

B
0.83 s

0.82
0.81 :

1 10 100 1000

Vertical effective stress (kPa)
200
poooy

150 e
< e
Q100 Mmm

Y |

0 :

0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)

% 20
o) -
— 3
< 15
o 5
5 10
(%]
(%]
O 05 e
Q_ o

0.0 T T T T T

0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure B.1.2. Test data for T_M_202

201



Horizontal effective str Void ratic

Coefficient of latel

T M_203 + Virgin loading - Unloading = Reloading

0.87

MRS T
0.86 4000 t0es e ere

OM
0.85 e —
O mo D [ o ™™

0.84 B I B e L B LTI P
0.83
0.82 o,
0.81

1 10 100 1000

Vertical effective stress (kPa)
200
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)

% 20
o
= 15
£ 10
?, | S,
0 05 o o o xR EEe R EReE AL B
o

0.0 ‘ : : :

0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure B.1.3. Test data for T_M_203

202



Horizontal effective str Void ratic

Coefficient of latel

T M _204 « Virgin loading - Unloading = Reloading
0.86
k“.‘n“
0.85 e oo s adute
0.84 o —
0.83 o= v —momo w5 B § @ 8¢ @ d:°"°"°"°"<"d’dlnauggm,.,
0.82
0.81
0.80
1 10 100 1000
Vertical effective stress (kPa)
200
:unﬂ‘“"unmu
:mu:plﬂ
EII:||,|:||:|‘='':":":mu
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)
o 20
o
=g 15
o
S 1.0
% }demomo%oo“
2 0.5 o e
o m EW'
(P
0.0 T T T T T
0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure B.1.4. Test data for T_M_204

203



Horizontal effective str Void ratic

Coefficient of latel

T M_205 « Virgin loading - Unloading = Reloading
0.87
0.86 1°* %o wesssrens e,
0.85 "‘“"‘M
0841 5s smcna g § 4 o s MR L T T .:tl
0.83 7o
0.82
0.81
1 10 100 1000
Vertical effective stress (kPa)
200
ﬂﬂu:ﬂ’
== 2]
150 g e
< poac™
o 100 ot
é 00°8 M
50 R
o)
0 :
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)
% 20
o
= 15
S 100
8 : ;’ém’%ﬁmoooo
0 pa ©9%0900060,,
D 05
o
0.0 ‘ ‘ : :
0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure B.1.5. Test data for T_M_205

204



Horizontal effective str Void ratic

Coefficient of latel

T M _206 + Virgin loading - Unloading = Reloading

0.87
0.86
0.85 e - Dt et
0.84 %QN’O%“&'
o8 B8F & gm o8R8, B 8. ag
0.83 i R
0.82
0.81
0.80
1 10 100 1000
Vertical effective stress (kPa)
200
un““unu
180 g
© s
Q100 VoS
5/ 0000°2. O Qg
50 50700
0 : :
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)
17
D
©
D
>
(9]
%) booo
o orenoai SoeScAeammmn
o
0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure B.1.6. Test data for T_M_206

205



Appendix B.2. Dense specimens
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Appendix B.3. Very dense specimens
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APPENDIX C: TEST DATA FOR VIBRATION

Appendix C.1. Medium loose specimens

V_M_201 « Virgin loading - Unloading = Reloading

0.88
0.87 ™ eeses o

Py
M L X T 0‘.“.".

0.86 e,

085 PHosFs o 895808 nlog @ @ PAFob pFEege

0.84
0.83

Void ratic

0.82
0.81

1 10 100

Vertical effective stress (kPa)

200

1000

e

o

o o
|

Horizontal effective str
(kPa)

0 50 100 150 200 250 300 350
Vertical effective stress (kPa)

400

450

2.0

1.5+

Coefficient of latel
pressure at rest
'_\
o
R
j
g

00,
%o
00o °°°°°°°
0.5’ .::‘..?.-...-.':‘..’: ..... OO0 000 oo oo 0oo 000 oooo Dopf0 pR Doa O
]
0.0

0 50 100 150 200 250 300 350

Vertical effective stress (kPa)

Figure C.1.1. Test data for V_M_201

400

450

217



Horizontal effective str Void ratic

Coefficient of latel

V_M_202 « Virgin loading - Unloading = Reloading
0.89
0.88 1*40-tees o
0.87 .“~~°”‘ee -
0.86 { oas
N ERO g 8 Fl gkl
0.85 38888¢ RGBS 9u0am
0.84
0.83
0.82
1 10 100 1000
Vertical effective stress (kPa)
200
oot
150 e
< il
Q. 100 MW
= oo
50 0 000uno° 0995
0 : :
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)
% 20
D
o
D
>
(9]
n
o
o
00 - T T T T

100 150 200 250 300 350 400 450
Vertical effective stress (kPa)

Figure C.1.2. Test data for V_M_202

218



Horizontal effective str Void ratic

Coefficient of latel

V_M _203 « Virgin loading - Unloading = Reloading
0.87 1o -
.
0.86 Taete s, T
0.85 "‘""*-;
084 auouo "&0“8 ugjq’ B g uououoununﬂ O0ppp ~~
. T O H
0.83
0.82 ™,
0.81
1 10 100 1000
Vertical effective stress (kPa)
200
ﬂummnuuu:
aome
|1|:||=I|3':":'m:'|:lml:I:':I
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)
7] 2.0T
o
= 15
S 10[%
B %mo
7)) oooooo°<°°°°°°
O 05 x S -
o
0.0 ‘ ‘ : :
0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)

Figure C.1.3. Test data for V_M_203

219



Horizontal effective str Void ratic

Coefficient of latel

V_M_204 « Virgin loading - Unloading = Reloading
0.85

o 00w o o,
0.84 oees

90000

0.83 ]
082 [ Tl SB rememnnnag,
0.81
0.80
0.79

1 10 100 1000

Vertical effective stress (kPa)
200
|:|I=l':':":l:I
mmﬂﬂ
mﬂmuun“
0 50 100 150 200 250 300 350 400 450
Vertical effective stress (kPa)
% 20
o
= 15
g
5 1.0
% & Q)‘>°"°°Oo<>oo<,o °
O 05
o
00 Bl T T T T
0 50 100 150 200 250 300 350 400 450

Vertical effective stress (kPa)
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Appendix C.2. Dense specimens
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Figure C.2.6. Test data for V_D_206
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Appendix C.3. Very dense specimens
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Figure C.3.1. Test data for V_V_201
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Figure C.3.2. Test data for V_V_202
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Figure C.3.3. Test data for V_V_203
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Figure C.3.4. Test data for V_V_204
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Figure C.3.5. Test data for V_V_205
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