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Abstract

Earth Pressure onWalls Retaining OverconsolidatedCohesionlesssoil Using theConcept
of Critical State Soil Mechanics

Sergio Esteban Rosales Garzéh.D.
Concordia University, 2021

The ganestrain (PS) criticaktate (CS) friction angle is an important soil paramietére design

of several geotechnical projects. The static angle of repose, which is kmdethe sameas the
PSCS friction angle for normally consolidated cohesionless soil (NC), and the assaodizéd
constartvolume friction angle were measured tbree granular materials in the laboratory to
validate thelow rule that accounts for dilatancy and accordingly ploee pressure coefficient A

To derive theflow rule, the law of conservation of energy and limit equilibrium technique were
used to devep a bidimensional micromechanical model representing granular media in CS. The
flow rule was then used to predict therast coefficienKo.oc andtheoretical porosity thresholds

for the contractive, dilative, and collapsible behavior. The lateraksseassilica sandunder the
standard and modifiddroctor energies of compactipand norcompactegwere measured in the
laboratory for differenDr andOCRto validate the proposéh.oc. As a byproduct of the previous
finding, a new methodology to determi@CRin compacted backfills was developed. For the
active and passive states, the variational limit equilibrium method applied on NC dry granular
media and th&SCS friction angle vere adopted to derive theonlinear geometry of the stip
failure surfaceand the associatetbnlinear coefficients KandKp. The presenimicromechanical
model wasfurther used to develo@ numerical approach to model thgessstrain pathand
determine theninimumwall rotationrequired to developSCSfailure. Ractical applicationand
design frameworkvere prepared forariousspreadsheets ailtustrative examples.
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Chapter 1:  Introduction

1.1. General

The coefficient of lateral earth pressités the ratio between horizontal and vertisail stresses
at a given deptlon a sodwall interface For design purposedidre are three distinstates The
first, named the activiateralearth pressurk, is related tdhe minimumhorizontalpressurehat
resultsaftera soil masdgails anddeforms outward againstragid wall and bothreacha point of
equilibrium .g, a cantilever retaining wall). The secotetmedthepassivdateralearth pressure
Kp is related tahe maximumhorizontalpressure that results when a soil miasls anddeforms
inward due to an external actitmnsmitted by a rigivall (e.g, a pile carrying horizontal load or
an anchoplaté. The third, namethe atrestlateralearth pressurk is related o the horizontal
pressurea soil mass exerts against itself or against a containing structure given that no lateral
deformationor failure of the soil massccurs €.g, a box culvert or aoil horizor). Furthermore
the lateral earth pressure candescibed asthe continuoudransitsbetween atest to active and
arest to passivetatesboth mediated by the development of a nonlineasfallpre surface in the

soil mass.
1.2. Problem Statement

A generic internal frictionagle of the soil dn conjunction withthe problem geometry and an
anyassumed geometry for tis&p-failure surface among other assumptiongdiaeen used in the
development of mathematical, analytical and empirical models to estimate lateral earth pressures.
Despite thesavailableestimationsfrom the existing framework hawy been ofsomehelp in

practice; these approaches do not provide the most faithful representation of the phenomenon



resulting in high uncertainty and high discrepancies between predictions andoBeldations.
This situation has led to underpredictions, overpredictions and unattended areas where the current
theory is simply not enough to address certain problems. The specific shortcomings of current

theory thatonstitutethe problem definition fothe pesentresearch are:

1 Themost widely used theorpr atrest lateral earth pressure coeffici&gis an empirical
formula; consequently, wiack an explicitheoreticakolutionfor that paramount concept
in geotechnical engineerin§eeAppendix Aor a critical reviewon this regard

1 The most widely used theory for actikgand passiv&, lateralearth pressure coefficients
assumes straightline slip-failure surface anttiangularstress distribution behind theall
while experimental resultsave shown that botmavea nonlineageometry

1 Current theory for lateral earth pressureohesionless soilgnoresOCRand the stress
strainevolution with deformation.

1.3. Motivations and applications

An improved ateral earth pressure theory is necessanafbetter and safegeotechnicabnd

strucural design. Other motivations are:

1.3.1. Development of a critical state soil mechanicSSSM model for sand

CSSM theory has been used mainly for clay sinceritical line approaches a straight line;
however, the application of CSSM for sand remains laggeduse its characteristic curved
critical line makes analysis more difficult. &sentesearch becomes of interest because it deselop

this lagged theory.



1.3.2. An explicit derivation

A complete and explicit theory for lateral earth pressure remains elusive and researchers keep in
supporting their contributions ostatistical fits orarbitrary assumptions thatversimplify the
problem consequently failingn this purpose (se€hapter 2:Literature Review The solutios

presentedh this studyprovide the complete and expliaiterivationbehindeachnewformula

1.3.3. Overconsolidation

Most natural soil deposits occur at a certain degree of ov@slidation and most artificial fills
are compacted using standards of referékedASTM D6982e2, D12)or (ASTM D155%12¢l,

2012)gaining in this way a higher degree of overconsolidati@mnsgquently, overconsolidation
in terms ofOCRshould be a design parameter of frequent hieeever, this is not the caséthe

actual practicén cohesionless soils

1.3.4. Deformation

The introduction of deformatiorfacilitates practical applicationsin areas like structural

monitoring, design optimization, constitutivedelling,and pushover analysis.

1.3.5. To whom this research is directed

This research igseful for various stakeholders ligeosciencesngineeringpractitionersandin
industries specificallgealing withany kind of granular material (e,goharmaceuticalpowder,

agriculture, constructigmmining).

1.4. Objectives

The overall objective is:



1 To conductexperimental, analyticahnd numericalresearchto formulate anew lateral

earth pressure theory for cohesionless soils in terms of CSSM parameters.
The specific objectives are:

a) To derive a theoretical constitutive modlflow rule for the critical stateplanestrain
friction angleof cohesionlessoils.

b) To perform test for the angle of repose in extreme controlled conditions of both test
procedure and particles character

c) To formulate a solution for the -a¢stKo, Kooc; active Ko; and passivé, lateral earth

pressure coefficienia termsof CSSM parametersbservingnonlinearityandOCR
1.5. Delimitation of the proposed explicit solution

The hereinexplicit lateralearth pressure theory misthe following four conditions: (i) satigfs
equilibrium, (ii) satisfes a yield condition, (iii) verifes a stressstrain relationship and (iv)
observe thelaw of conservation of energin addition the pesentexplicit solutionexcludes the
arbitrary assumptiagidentifiedin the literature review (séehapter 2:Literature Reviewwhich
areusually related to(i) the slip-failure surfacegeometry (ii) the lateralstress distribution, (iii)

an arbitrarystressboundary condition or (iv) pseudePoissorratio.
1.6. Organization of Thesis

Apart fromthis introductory chapteiChapter 2:presents a literature reviegf the friction of
granular materiaglandthe backgroundheoryfor atrest pas$ve, and activdateralearth pressure
coefficientfor cohesionlessoil. It also presents literature review on th&taticangleof reposeof

granular materialand the existing laboratory technigdesits measuement
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Chapter 3:presentsall the experimental work developed time present studyThis includesa
detailed description of methodologies dhd raw resultfrom measurerants developed to obtain

soil parameterandhorizontalstresses

Chapter 4:presentstheoretical analysi® derivethe relationshipr flow rulebetween th@lane
straincritical statefriction angleand theplanestrainconstarvolumefriction angleof granular
materials From this relationshipa complete model for critical state of cohesionless soils is then

developed andxperimentallyerified.

Chapter 5:is based on thélow rule developedn Chapter4. By applying a limit equilibrium
analysis, a neviormulato determinethe atrest coefficient of lateral earth pressure in normally
consolidated cohesionless sk is alsoderived This newformulafor the atrest coefficient of
lateral earth pressuis thenextendedo incorporate th@verconsolidatedtatein terms ofthe
OCR parameterior Ko.oc. These twoformulasare validaied by means ofan own experimental

investigation withsilica sand

Chapter 6:presents théheoreticalderivationof the nonlinearactive and passiveoefficiens of
lateral earth pressure in normally consolidatetlesionlessoil as a function of thplanestrain
critical statefriction angle Previous derivationcorporatesa newnonlinearexpression for the
geometry of the slyfailure surfaceand its associated nonlinear lateral stress distribution

Verification is provided bgomparisorwith existinglargescaleexperimentatesults.

Chapter 7.describesanincremental numericahodel to simulate the strestérain path associated
to theflow rule presented irfChapter4. This simulation is also integrated to the rest of associated

soil parameters as defined in previahspters.



Chapter 8:presents a usarientedset of example to illustrate in a stepy-step fashiorthe

practicalapplicationof the CSSM lateral earth pressure theory develappdeviouschapters.

Finally, Chapter 9:concludeduy highlighting the mostrelevantfindingsin present researamnd

providesrecommendations for futupotentialextensonsof present work



Chapter 2:  Literature Review

2.1.General

The active passiveand atrest coefficients of lateral earth pressHie Kp andKo, respectively,

are important design parameters in geotechnical enginedihgf these are the ratio of the
horizontal effective stres$ to the vertical effective stress\) seeEq. (2-1). The activestate

denoted byhei n d @x i v o | v failsire anddéfaraation of the soil masgainst a rigid

wall until the soil-wall interactiongetsa final state oequilibrium The passivestatedenoted by

i ndpox ifnv ol Jalwe ahddefanation of the soil mas§he atrest conditiordenoted

by i roda,e x e adittsat & zero hateral strastate The pesentliterature reviewmakesa

critical analysis of the relevant state of #m around this conceptAccordingly, the explored
literature includes areas like shear strength, angle of repose and prediction of active, passive and

at-rest lateral earth pressureefficiensin granular materials retained by a wall.

— (2-1)

Firstly, a revewon the shear strength of granular soils is providéeén it followsa review of the

history of theangle of repose. The angle of repose is a natural phenomenon of granutaisnate
which is recognized by geotechnical engineering. However, the theoretical treatment of this
subject remains unattended. The existing geotechnical research incorporating the angle of repose
has been focused mainlpn experimental work leading to empirical correlations amdhe
development ofaboratory techniques for the measurement of the angle of repose. The angle of
repose is a relevant concept for present study because it is key to undeyskeasthear resisince

developed aplanestraincritical state.



Finally, a revew of the available theoreticahdempirical prediction of the activepassiveand
at-reststateds alsoprovided.In this regard, the current and most widely used expression for the
at-restpressure prediction the empiricalfrom (Jaky, 1944) Forthe active andassive pressures
arethe analytical solutionfrom (Coulomb, 1776and(Rankine, 1857)Thesethreeseminal works
known asficlassical theory and an important amount of additional related research has been
developed However, a classical framework seems to prevail despite its controversial
oversimplification and empirical charactelin the case of the -aest state and despite its
oversimplificaton andincompleteness the case of the active and passtates This part of the
literature review highligltthe main assumptions behind each reviewed approach specially those
arbitrary assumptionthat preventeachapproackrom beingmoreprecise This, to call attention

to the actual needf an exylicit and complete solution for the lateral earth pressure able to

overcome the shortcuts of the prevailing framewde numerdl.?2).
2.2. Shear strength of granularcohesionlessoils

As explained in(Terzaghi et al., 1996, sec. 1f)e angle of shearingsistancé aleveloped by
cohesionless soils is the product of interparticle forces, governed mainly by three mechanisms that
contribute to the mobilized friction angle, namely the kinetic fricliod; rearrangement and
dilation, also known as geometridaterference or interlocking ¢ and grain crushing @&
Accordingly, the friction developed under drained stiadure can beexpressedby theEq. (2-2)

andillustrated byFig. 2-1.

Nehaenhehe (2-2)
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Fig. 2-1 Components of friction for a granular soil.

When a patrticle rolls over another, junctions form at the contact points; however, this bounding is
broken innormal tension and not in tangential shear as for sliding friction. Due to an elastic
rebound as the normal force is depletib strength at these junctions is diminished to almost
zero. This explains why rolling friction is generally very small comp#weidterparticle sliding
friction, as explained bf.ambe and Whitman, 1969, p. 6Bhis potential component of the shear
friction is then very small andiasignoredin Eq. (2-2) especally becausayranularcohesionless

soils like sand are mostly composednoynadhesiveparticles.

The relevance of the friction due to particle crushing is a function of the confinement pressure and
can also be considered a steady contribution as fareasotifinement pressure remains steady
during the shearing proce@idamidi et al., 2009)(Bolton, 1986)and(Bolton and Arthur, 1987)
observed that the tendency for particles to crush under shear is not appreciable when the confining

pressure is lower than about 150 kPa, allowing dilation to be treated as an only function of relative



density undethis condition(Bolton, 1986, p. 225)Sadrekarimi and Olson, 201 Bince retaining
walls as studied here are surficial structures, the confining pressure is usually below the confining

pressuravhere the particle crushirgjartsbeng relevant permitting to drawv éfrom Eq. (2-2).

On the other hand, the geometrical interferdndgs the comined effect of particle pushing and
climbing. The geometrical interferenteg may be expressed as the sum of the angle of dilation
| @produced by particle climbing normal to the shear plane, and a component due to pushing or

rearrangement occurring pdedlto the shear plarie fas indicated ifEq. (2-3).

Ne Ne e (2-3)

The Knetic friction| @also referred to ahesliding frictionor theinterparticle sliding fiétion is
the intrinsic steady component of friction resisting sliding between individual grains in the
tangential direction on the contact poimhis interparticle sliding frictionis the same constant
volume friction angle inmamplersensd §=1 @&. And itsdominant contribution at atlonfining
pressuredepends mainlgn the mineral composing the sdhe asperities at the particdealeand
the soilinitial porosityno. Moreover thisT é=1 & is the internal friction angle initially available
within the soil mass before the application of any shear failnr@her wordswhen the soil mass
is under the atest state no shear failure exjstaisthe idilatancy ratéis zero and as a resute
available friction in sucla state ca also bedeemedas aconstartvolume friction angleor the
initially available constantolume friction angléWhenashear failure is produced in the soil mass
and after enougbheardeformation, the soil withinhie shear band willeacha porosity statenc
wheretwo granular masssareseparate by aslip-failure surfaceshearingat constantolume and

constant shear strefise., critical stateconcept sinc€Roscoe et al., 1958)consequently, the
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dilatancy rategainapproaches zerd hus,the finally developed frictionan bedeeme thefinally
developedonstantvolume friction angleTo awid confusion between these two constaritime
friction anglegthe initial and the final)the developed friction angh this porosity state known

as thecritical porositync is thenrenaned in this studyas theplanestrain critical-statefriction
anglel @ps in fact, thiscritical stateterm is more appropriathere since it contains both
connotationsthe constantvolume,andthe constant shear streasshear failureFor this porosity

nc corresponding to theritical state the contribution from dilation becomes zdrad = 0 (i.e.,
planestrain condition)accordingly, the mobilizedlanestraincritical statefriction resultsto be

the given byEq. (2-4). This porositydependant character of shear resistance of granular soils was
neatly observed by the experiments on sand develop@jdryum et al., 1961and(Sadrekarimi

and Olson, 2011 xeeFig. 2-2.

ne  Na @ (2-4)
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Fig. 2-2 Porositydepen@nt character of shear resistance as observed in experimental (@rks

according tqBjerrum et al., 1961 )and(b) according tqSadrekarimi and Olson, 2011)
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Forthe particular case aformally consolidated yourgpil depositsthe angle of repose is equal
to theplanestraincritical statefriction angleb =1 &ps(Lambe and Whitman, 1969ornforth,

1973) (Terzaghi et al., 1996, p. 1Q4Bantamarina and Cho, 200{¥%adrekarimi and Olson,
2011) Accordingly,for this particular ceeunder low confining pressufee., no grain crushing

orl 6=0), itis possible to rewrit&q. (2-4) in the form of theEq. (2-5).

neg T N e (2-5)

Equation(2-5) finally states that thstaticangle of reposk or the planestraincritical-statefriction
anglel @&psat low confining pressurandnormally consolidatedtate(i.e., as the soil in a pile of
sand standing aest)can be expressiasthe sum of the intrinsic or steady component of friction
I @ps plus an equivalent component of friction accounting for the geometrical interference
planestrainwhich in criticd state isgiven only by the interparticle pushing or rearrangement
I fps Note that the interparticle sliding friction andlegps wasapplied in Eq. (5) because it
corresponds to the minimum possibigial constantvolume friction angle existing in a soil mass
Forinitial constantvolume friction angles higher than the interparticle sliding friction ahgdgs,

the more general form in E{R-4) applies Since thissingle cas&nown asthe static angle of
reposeb can clearly providexperimentabccess to the understandirfgtte planestraincritical-

statefriction angle thefollowing numeral2.3 provides specific literature review on thigic.
2.3.The angle of repose

Various definitions exidtor the angle of repode From a phenomenological point of view, when
dray material fails frona slope and flows accumulating at the toe forms a cone which angle with

the horizontal is called the angle of repse, 2011) Physically, the angle of reposasdefined

12



by (Wu and Sun, 200&)s a transition between solid and liquid phasesore formal and common
definition states the angle of repose is the stedpeststandingsurface of gpile of granular
material under gravity can make with the horizontal before material starts to flow(dowas,
1976; Mehta and Barker, 1994arl Terzaghi defined the angle of repose as a spacgé of

internal friction present at a porosity equivalent to the loosest coniltesmaghi et al., 1996)

The angle of repose is equal to the anglesioéaring resistanctr sedimentary, normally
consolidated young materials for which the angle of repasesqual to the critical state friction
anglei & (Lambe and Whitman, 1969fTerzaghi et al., 1996, p. 1Q4(Cornforth, 1973)

(Santamarina and Cho, 200($adrekarimi and Olson, 2011)

Granular material susceptible of having a definite angle of repose is material composed by particles
larger than a given minimum size. That minimum size depends on the substance composing the
particles, but in general is the minimum patrticle size for whkiehgravity is still the source of
force governing the interaction between the particles. For soils and according to geotechnical
classifications the minimum particle size for a granular materiatis {less than this the size is

mostly colloidal partites).

In nature, the angle of repose for dry granular soils varies from 25° for smooth spherical particles
to 45° for rough angular particles as indicated®sakawi AFHashemi and Baghabra-Aimoudi,

2018, p. 399)and(Pohiman et al., 2006)This range relates in some way with the angle of
interparticle sliding friction for minerals that naturally form the particles of granular soils which

typically range from 26° to 3qTerzaghi et al., 1996, p. 147)

13



2.3.1. Measurement of the anglef repose

The angle of repose is a limit equilibrium of the only static interaction betweeass oparticles

and gravity. Because of this, the measurement of the angle of repose is not an easy task. All
physical methods available to measure the angtepmse are invasive and introduce additional
forces altering results. All of this explains why there is no final agreement about how the angle of
repose should be determined and why the results of applying certain standards or devices lacks

repeatabilityand reproducibility.

Different instruments and techniques exist to measure the static and dynamic angle of repose.
However, only those approaching the static angle of repose of soils wélieevedheresince

this is the relevant for present study. The angle of repsseommonly measudan piles ofloose

material produced by a given devioeprocedureas the maximum inclusive angle between the

pile face and the horizontal, sEig. 2-3.

- P me lad
L T

e e e e

Fig. 2-3 Measuring the repose andien a pile of granular material adapted fr¢vdu and Sun,

2008, p. 15)
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Numerical models that simulate granular material like distinct element method (DEM) can mimic
piles of granular material; however, these pilesndt reproduce the actual physical phenomena.

On the contrary, the simulation of this phenomena has been used to calibrate constitutive models
for granular material based on the meastineldboratoryangle of repos@Coetzee, 2017]Brezzi

et al., 2017pand(Roessler and Katterfeld, 2018)he following numerals provide a description of

the physical methods more commonly used to measure the stagaéngbose.
2.3.1.1Method of loading simulated measuring box

Loading simulated measuring box is a dev@measue natural angle of repose simulatingsitu

static pressure, séag. 2-4. First granular material is poured and leveled into the box. Then, the
pressure piston is released so the weight is transfentedhe granular material. After that, the
sliding door is opeed letting the granular material flosto form aslopethanksto the action of

gravity and static pressure. Finally, the angle of repose can be meastimedormed slope.

Fig. 2-4 Method of loading simulated measuring box. 1: box, 2: pressure piston, 3: weight, 4:

sluice and 5slope ofgranular material. Adopted froWu and Sun, 2008, p. 16)
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2.3.1.2Method of bottomless or hollow cylinder

The bottomless or hollow cylinder method is commonly used to assess the static angle of repose
of a frictional material, seEig. 2-5. The granular material is placed from the top into a cylinder
with a ratio of diameter to height of around 1:3 and this set on a base with known friction. The
diameter of the cylinder must be more thao 8 times the maximum patrticle diameter. Then, the
cylinder is carefully lifted€.g., at a velocity of about 10 mm/s) vertically so the granular material

can flow to form a conWu and Sun, 2008, p. 16Beakawi AtHashemi and Baghabra -Al

Amoudi, 2018, p. 401)

Fig. 2-5 Method of bottomless or hollow cylinder. 1: cylinder, 2: granular material. Adopted

from (Wu and Sun, 2008, p. 16)

2.3.1.3Method of funnel or falling device

The device for the method of funnel or falling method is shovifign2-6 in its fixed version and
in Fig. 2-7 in its moving version. In the fixed funnel method, the granular material is first poured

and leveled into the upper box. A common specification for the dimensions of this device are: 0.7
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m heigh, 0.15 m width and 0.2 m leng{Wu and Sun, 2008, p. 17)hen the funnel door is open
so the granular material céall from a certain height forming a cone onto a defined base of known

friction.

Fig. 2-6 Method of fixed funnel adopted frofdVu and Sun, 2008, p. 17)

The main differencén the moving funnel is the progressive adjustment of the falling height by
means of simultaneous lifting with the pile formation. This characteristic reduces the momentum

transferred to the granular soil; consequently, improving the measaote

Fig. 2-7 Method of moving funnel adopted frofhi et al., 2005, p. 225)
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2.3.1.4Method of fixed base and ring

In this method the diameter of the base is fixed by using a ring or container with sharp edges.
Granular material is poured onto the center from a funnel which can be adjusted to a desired height,

seeFig. 2-8.

LA
Aeal\
¢é_

Fig. 2-8 Method of fixed base frorfMiura et al., 1997, p. 93)

(Miura et al., 1997)ntroduced a variant which includes a pedestal with a top depression as well
as a moving ring around the pedestal. Afteaning the granular material on the depression the
ring is lowered to finish the corsarfaceon a more standard manner mitigating in this way some

of the factors typically influencing the measurement.

A combination of fixed funnel and fixed base wemrarily adopted by the American Society
of Testing and Materials in the standard ASTM D6393 to measure the angle of {(P8se

Committee, 2014)
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2.3.1.5Method of rotary box

TheFig. 2-9 shows the rotary box device. At least one transparent wall must exist on any side of
the rotary box, this to observe and measure rémilting angle of repose. The common
specification for the dimensions of this rotary box is: 0.2 m height, 0.2 m width and 0.4 m length
(Wu and Sun, 2008, p. 17irst, the granular material is placed on the base of the box which is
rotated 90° to upright position. Then the granular material is leveled. Finally, the box is returned
to its horizontal position gradually at artrolled rate of about 18°/min; in the process, the granular

material will form a slope.

|
o o

Fig. 2-9 Method of rotary box. 1: box, 2: frame of box, 3: rotary axis and 4: fixation plate.

Adopted from(Wu and Sun, 2008, p. 17)

2.3.1.6Method of tilting cylinder

The method of tilting cylinder is explained by thig. 2-10. It consists inputting fine granular

material in a cylinder flask full of ater, saturation is used to avoid capillary effects. Then, the

flask is tilted around 60e and gently returne
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measured in the middle of the remaining slope. This method was ug¢8driigmarina and Cho,
2001, p. 191})o asses critical state parameter in sand. On their experiments they found that the
angle ofreposefdrhe tested sand i s bet wéshearinQresistarme 2 e hi

obtained from triaxial test results.

(a) (b) (c) (d)

Fig. 2-10 Method of tilting cylinder adopted frofSantamarina and Cho, 2001, p. 1§&) pour
soil in a 1000 ml cylinder with watefp)r ot at e t he c;yd dlowldreturntipea s s ed ¢
cylinder to its vertical position and measure the angle of reposéd) the angle is measured in

the middle region on the slope

2.3.2. Factors influencing the measurement of the angle oépose

The main external influencing factors affecting the measurement of the angle of aeptise
interaction of the granular material with the measuring device, the added energy due to a given
height of falling, excessive height of the center of gyaef the falling mass or the added
acceleration when rotation is involved. The main source of error is then the introduction of

excessive momentum during the pouring of granular matérmi#his regardt is interesting to see
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how(Kleinhans etal.,2011) mpr oved t he measurement of the st

of testing under reduced gravity conditions.

(Rousé, 2013dpbtained the angle of repose of the same material using six different methods and
six different sands. After comparing the results, it was fabatithe highest angle of repose came
from the (C08.03 Subcommittee, 200®@yithdrawn in 2005. The other methods showed a
dispersion between 6% below the maximum (scoop deposition) and 35% below the maximum
(fixed funnel) confirming the existence of multiple influencing factors affecting the measurement

of the angle of repose.

2.3.3. Theoretical relationship between thedevelopedconstantvolume friction

angle and theinterparticle sliding friction angle

Some theoreticaksearcthasbeen devoted to the definition of tbetical statefriction anglel &

as a function of the angle oft@rparticle sliding frictior é.

(Caquot, 1934)y integrating forces normal and tangential to the surface of a sphere on the
assumption that in the ultimate state sliding occurs simultaneously on tangential planes at
interparticle contacts inclined in all the tangehtirections of a spherical surfadee( in this
condition failure is not a general displacement along a definite continuous surface) derived the

expressior{2-6). The plot of this equation is shownhig. 2-11.

OATee -“ DAl (2-6)

(Bishop, 1954)presented two approximate solutions, one for triaxial compre4&idih and

another for plane straif2-8). TheFig.2-11s hows bot h r el at i otusoh,i ps. A
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these relationships predittattheconstamvolumefriction anglel & increases continuously with

the increment of the interparticle sliding frictianglel 6.

OBl -DATe (2-7)
OBie P DA 2.8
® oM oDAle (>-8)

(Horne, 1969)mathematically studd an assembly of rotund, rigid, cohesionless particles and
from this proposed a procedure based on the equ@iBhand extrapolation to zero dilati of

the curve | @0 9 versus (1€V/VH,. Using this approactthat authoprovided the curve shown in

Fig. 2-11.

— ¢DAT-* -r e (2-9)
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developed constant-volume friction angle,
I
S
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angle of interparticle sliding friction, @', (°)

Fig. 2-11 Theoretical relationship between the angle of interparticle sliding frittiéand the

developedonstarvolumefriction anglel @

(Lee and Herrmann, 1998gveloped a relationship between the angle of refasethe same
developed @), but in terms ofthe so-called angle of marginal stability and the friction angle
applying the theory of molecular dynamics of granular particles in the stresses (lefthadin et

al., 1992) They found the angle of marginal stability differs from the angle of repose suggesting
the angle of repose must include any effect due to the soil structure. They also concluded that the
angle of repose is merely controlled by the angle of internaidmnidbetween the particles.
However, the formulae derived by this approach is not of practical application since it is a function

of the unknown parameter tilting angle see equation@-10) and(2-11).
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2.3.4. Experimental relationship between thedevelopedconstantvolume friction

angleand theinterparticle sliding friction angle

(Zhou et al., 2002)erformed numerical (DEM) and experimental research on the angle of repose
of monasized coarse spheres. Mighlight from this study is the utilization of synthetic granular
material as a way of extreme control on the character of the particles. Based on the numerical
results, an empirical equati¢®-12) was formulated for their angle of reposé& as a function of

the particle to particle and particle to wall sliding and rolling frictiofss,d €s.pw €r.pp, Erpw
respectively), the particle diametdkrmakes that studgnly applicable within a very specific set

of conditions and material tested, as they declared. However, a close examination of this formula
revels ill definition;since for example, for the case dfictionless walls &spw= €rpw=0) it is
expected that any angle of repose can still be developed due to the friction in the base and between
the particles; on the contrary and given the product, the formula yields an angle of repose equal to
zero for ths case. On the other hand, if for example the rolling coefficient was ignonge (
erpw=1), which has 40 times less influence than the sliding coefficient for these experiments; then,
it is expected a slightly decrease of the angle of repose butdaggto the expressiof2-12) the

angle of repose unnaturally doubles.
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— pmM §OF OFgOF M (2-12)

(Chik and Vallejo, 2005¢xperimentally studied the angle of repose developed by binary granular
mixtures of coesesandand fine sand. The influence of the friction in the basa the angle of

repose was investigated. These authors derived the equatbd) from evaluating limit
equilibrium in a wedge model under . Thisegnamct i on
attempt to correlate the interface friction angigith the angle of repodeand the angle of shear
resistancef the material in thelspel 6They reported this equation performed well for the case

of frictionless base; however, this equation seems contradigteey thatthe summand(cos

I fcosb)? must be always less than dioe the whole expressiao bevalid.

O
_h\
—

— (2-13)

(Li et al., 2005)developed a simple experimental method for determining the value of the kinetic
friction coefficient. This experiment is based on the classical contact mechanics theory between
two non athesive spheres and accessed to a value by mean of force measurementa\namaal,

tangential F), seeFig. 2-12 and equatiotf2-14).

«— V
- A
IIIC\ Z X 25X
D] :
A
A v i 7S i i s

r

Fig. 2-12 experimental setup for measuring kinetic sliding frictidncar full of fixed particles,
B: base made of the same material comppsie particles adapted frofhi et al., 2005)
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0
= (2-14)

0

Based on this experimental kinetic sliding friction coefficient between particles, they feed a DEM

model to simulate the angle of repose; no other frigharameter was consideregld.,rolling

friction). The angle of repose was measured experimentally using a moving funnel. The material

under study were rough glass beads and steel balls. For both materials they got a positive

correlation for the angle of repose.

(Froehlich, 2011)neasured the angle of repddein stockpiles of rip rap to correlate it with the
granulometry of the matial. Positive correlations were drawn Dgo and the ratidss/Dso, see
equations(2-15) and (2-16), but with limited application to specific site conditions and
assumptions. The constai accounts for the particle charactérich qualitatively differentiates

three types of shape: round stone,-suind and sutangular stone and angular stone.

n n 08 (2-15)
: 8
n n 8— (2-16)

(Roessler and Katterfeld, 201i8yestigated the calibration of a numerical DEM model based on
the angle of repose of a negisand measured with the method of hollow cylinder. They found
that no deterministic solution exists in a DEM model since there are infinite pairs of friction
coefficients:es and €;, which canresult inthe same angle of repose. An additional important

finding from these authoris the fact that the lifting velocity of the hollow cylinder is an important
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factor influencing the measurement of the angle of repose; on this wwhatcording to these
authorsthe more realistic and coherent results weriobd when slow lifting velocities were

usd (i.e., between 2 mm/s to 8 mm/s).
2.3.5. Discussion on the angle of repose

Researchers has been approaching the angle of repose from multiples frameworks and purposes;
however, the fact that still there is no consensus on the standard of measurement and even the fact
that a clear definition is still needed, make almost impostblesld unified conclusions. Indeed,

the mere action of compare between studies seems fruitless since each study may be correct but
only within its own definitions, assumptiorsnitations,and specific applications. The observed

scatter showed blyig. 2-11is an evidencedf previous assertion.

From the literature review about the angle of repose the main identified gaps needing further

geotechnical research are:

a) A gereral analytical relationship able correlatethe angle of reposeith theinterparticle
sliding friction angles needed.

b) There is a need to perform tests in extreme controlled conditions of both, test procedure
and particles character, in such a wayt thay the angle of repose is the variable under

observation.
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2.4. Prediction of lateral earth pressure
2.4.1. Classical theory

2.4.1.1At-rest pressure

(Jaky, 1944pased on an equilibrium analysis of an assumed stress field in a pile of loose granular
material, by assuming the internal friction angle to be the same pile angle of rlefizsi) @nd

by adding a further assumption on the shear stress distribution within the soil mass, derived the
equation(2-17) for the atrest pressure. Within the above is also the assumption of slip planes;
however, in a natural mass of granular material at critical stage & pile of soil) no definite

failure plane is observed. The assumption of the angle of repose @guatmal friction angle at
critical statdimits theexpressior{2-17) to normally consolidated deposits.

o OBl
p OBle

b p OBIdE (2-17)

In a later papelJaky, 1948)ecided to remove the fraction term from equafit7) without any

further explanation, to finallgrrive atthe generally accepted forfa-18).

0 p OBIle (2-18)

2.4.1.2Active and passive pressures

The classical theory of earth pressure was initiallyetiged by(Coulomb, 1776)that authoset
the basic principles still widely used in earth pressure calculations. This apradwgt of his

constitutive model for soild}= Gtan{ § and his limit equilibrium approach. Then, by assuming
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a plane slip surface and by doing equilibrium of é&srof a rigid wedge on a rantipat author
derived the formulé2-19) for active earth pressure on a retaining wall. Thesaiicture interface
friction U, the angle of the internal wall face, as well as the backfill inclinatiok) were

considered. Following this same logic for the passive condition yields the fo(@R@. The

effect of an increment in friction is to reduce the active pressure and increase the passive pressure.

' Al ® e—
0
o e 2 OBl n a®En a| (2-19)
Al 6-AI110 — p AT70 —AT D |
, Al & —
0
o e OEN 9 OEN e (2-20)
Al 6-AI110 — p AT70 —ATIO —
For themostcommoncase of a vertical retaining wallg., = 0) with horizontal backfilli(e., U

= 0) and frictionless soBtructure interface.g.,li= 0) equation§2-19) and(2-20) reduce tq2-21)

and(2-22).
, P Ol (2-21)
p ORIl
, P Ol (2-22)
p OBlee

(Rankine, 1857apprached the problem of plastic equilibrium within a stress field. He studied

the conditions of equilibrium and failure for a differential element of earth pertaining to a semi

infinite continuum which is subjected to uniform deformation in a direction péatallthe top
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surface of theoil mass. Then, by assuming plane failure surface and considering certain boundary
conditions at the ground surface, Rankine developed his eq2ti8) for active condition and
(2-24) for passive condition. However, this theory ignores the friction in thesgaitture mnterface

and considers no inclination of the wall inner face.

i OA||o Al O Al 0 903
U 'OkT6 AT © AT 68 (223
A OAHO AT O Al O&F 024
U OKT6 AT O AT 68 (229

If the backfill slope is horizontal.€., U= 0) these equations reduce into the equaii25) and
(2-26):

S5

v OATt v (2-25)

n
C

®

v OATt v (2-26)

n
C
Coulomb and Rankine theories are equivalent for the case of no friction on the inner face of the

vertical retaining wall and horizontal backfiile., Eq. (2-25) is equivalent tdeq. (2-21) andEq.

(2-26) is equivalent tdEq. (2-21)], seeAppendix Bor the mathematical proof of this equivalency

(Rowe, 1963)asel on his research on equilibrium of assemblies of particles in contact probed
that yield ®lutions according to his theory are identical to those based on the Coulomb equation
in the special case of no volurobange during failuré.e., T &1 @&). This observation indicating

that the angle of frictioh dsed by Coulomb and Rankin theorieeats from the true coefficient
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of solid friction between the particlésdwas first made byCaquot, 1934, p. 12yho called that

devel oped friction at failure fAappar eamrglef ri ct.
between failure plane and the principal stress direction which minimizes the energy of the
particulate system, namely (45f ), the same angle derived by Rankine. Accordingly, in this

critical state of deformation the effective friction at dams volumel & can be obtained from

(2-27) given the principal stress ratio at failure.

"E ATt LI
.= G (2-27)

2.4.1.3Discussion on the classical theory

Design of retaining walls, pilesynnels,and buried structures in general demands knowledge of

the lateral earth pressures that will be interacting with the structures or equipmeiserinal

methods for the assessing of these pressures acting on structures were developed in the eighteenth
and nineteenth centuries by Coulomb and Rankine. These classical theories were built based on
idealized models where the retaining structure teaes rigid outward or inward and soil moves

as a solid wedge on a ramp. Despite the assumption of a stiagslip-failure surfaceseems a
reasonably valid simplification to approach the problem for the first time, this assumption
overlooks the trueuwrved failure surface observed experimentally and consequently produces a
wrong distribution of stresses and location of the resultant tfifeagareli, 1965 Benmebarek

et al., 2016)(Stewart et al., 2011)
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Onthe other hand, theate st pressure i s not better, Jakysbo
arbitraryassumptions and lacksrigorousdemonstration. Numerous studies have confirmed the
general validity of the values resulting frdgg. (2-18) (Brooker and Ireland, 1965)Mayne and

Kulhawy, 1982) (Mesri and Hayat, 1993, p. 664Michalowski and Park, 2004{Michalowski,

2005) (Federico et al., 2008{Lee et al., 2013)Khosravi et al., 2013However,(Michalowski,

2005, p. 1429p o i n t eénthile tha toeffitient deriveby Jaky)is indeed a fair depiction of

the stress ratio ithe natural statehone cannot dismiss the impression that coincidence played a

role in rendering this coefficient so close to the true state atrestAs we | | as Michal
authors have arrived at the same conclusion agreeing on the lack ofstiatiam forEq. (2-18)

(Handy Richard L., 1985 Mesri and Hayat, 1993fPipatpongsa et al., 2009 short, all the

evidence suggests the values obtained fiEmmn(2-18) are correct (at least within theange of

natural soils tested by these authors)thaterivation ofEq. (2-18) itself is unsatisfactory.

In the literature for lateral earth pressure theory, many other contributors appear, but much of these
similarly areincomplete, suffer ilderivation or lack practality in such a way that at the end

seems to prevail the classical theory. Some of these additional approaches are discussed below.

2.4.2. Analytical approaches

2.4.2.1At-rest pressure

Based on the theory of elasticity, the valu&etan be calculated in a fundamentanner from
Poi ssomadsingt Hookebds | aw and s eitetdedometeltast er al
case), se&q. (2-28). However, he difficulty with this method lies in the correct estimation of

Poi ssonds ratio.
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J— (2-29)

(Terzaghi, 1923pased on the fact that the direction of the particle movement idiorensional
compression is like that in agé condition where the lateral support can move away from the soil
proposed a definition ofhe atrest pressure coefficiemdoi N t er ms of the Coul
pressure and the mobilized angleearing resistande 6, seeEq. (2-29).

p OBl
— 2'29

p OBIlee ( )

(Hendron Jr, 1963)eported a comprehensive study on the behavior of sand idimeasional
compression. He derived a theoretical approach to prediestapressure afytically. The
theoretical derivation of Hendron assumes that uniform,-welded, dense sand can be
approximated by a faeeentered array of equal radium spheres. According to this work, if this

array of spheres were subjected to one dimensional cesipne then the akest pressure can be

expressed by the equati(30).

pp Vagy oy Yo H];ee (2-30)
e

C p Vgy olg por
(Pruska, 1978proposed a continuous network of inter particle stresses whose characteisdepend
on the properties and structure of the granular medium. After examining the state of stress of such
a medium and assuming deformation of the medium is only due to rearrangement, he developed

the expressio(2-31).
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. A =2
U OAR v (2-32)

n
<
(Evesque, 1999¢ o mb i n e dstrd3® dilatadcy relatioRowe, 1962)with a stress strain
incremental modelling to yield an incremental pseBdsson coefficient which varies with the
principal stress ratio. Then he solved the Oedometric test cagetaine expressio(2-32). Where

M is the slope of the critical state line according to the hardening soil standard modej-m the
space. It was shown by this author that value&gamompares well witldakyequation. However,
this derivation is independent of the porosity and relies oncaalted pseudePoissonratio of

approximate character which yields a final dilation that was not proven to correspongitittab

statecondition.

p M w
100 p

(2-32)

Where: 0 cDOEle
' U b OFle=
(Huang et al., 2008)sing a simple hypoplasticity model proposed the expre§2i88).

, c OBl
0 — —— (2-33)
O Vg p DBIlee

(Guo, 2010)ound that density and compressibility have l& mn the atrest pressure. Based on
this premise, thauthor developed laboratory tests to deterrKinef two granular materials; then
the experimental data was interpreted using the hypoplasticity model for sand to arrive at the

expressior(2-34). WhereUis a scalar quantity obtained in laboratory.
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p DOBI*e (2-39
(Shen and Liu, 2018gports the expressid@a-35) for the lateral pressure coefficielig derived
from a micromechanical analysis. It was revealed that thesatlateral pressure coefficient
increases with stiffness ratband fabric anisotropf. For the case of incompressible particles
expressior{2-35) reduces t¢2-36) indicating thako is an only function of anisotropy. However,

this solution seems incomplete because it does not incorporate the role of the angle of shearing

resistance.
¢d O
2-3
g ¢d O p (239
: ¢d
Where: L _— 2-36
o <2 (2-36)

2.4.2.2Active and passive pressures

Analytical methods for active and passive pressures calculation can be classified in five groups:
(1) limit equilibrium methods, (ii) theories of plasticity, (iii) theoriesatdisticity, (iv) arch methods

and (v) theories using the critical state concept.
2.4.2.2.1. Limit equilibrium methods
The limit equilibrium modeis usually defined as a rigid body on an inclined ramp of known

geometry that can be a line, circular or a logarithmi@s o get satisfactory solutions in extreme
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methods the unknown stresses within the failure line must kept out from the moment equilibrium
equations. This can be done by assuming only certain failure geometry. For example, when
assuming a logarithmic spl the action of these stresses passes through the pole of the spiral and
thus these unknown stresses simply cancel out making possible the determination of lateral
pressurgRendulic, 194Q)(Chen and Snitbhan, 1978 the case of large enough radius of the
logarithmic spiral, the spiral will tend to become a straight line; this condition is essentially that
appoached by(Coulomb, 1776) If the angle of apparent friction, ¢ is equal to zero, the

logarithmic spiral will be a circle again allowing that simplification of momépedienius, 1948)

(Rahardjo and Fredlund, 198d¢veloped a general formulation for the lateral earth force using
the genealized limit equilibrium (GLE) method of slices initially derived for slope stability
computations. Accordingly, this adaptation for earth pressieritsall the known assumptions
around the GLE method. Specifically, an assumption regarding the direction or the magnitude of
inter slice forces, or the position of the line of thrust are used to render the pdsitminate

The lateral force can be contedron the grid of centers of rotation as a manner of approach the

most critical failure surface.

(Liu et al., 2018)proposed a modified logarithmic spiral method to deterrthegassive earth
pressure of a frictional sloped backfill. This method is based on a limit equilibrium analysis
assuming a composition of logarithmic spiral and itg¢s as the failure surface. The attempt to
render the failure line as a composed line formed by a segment of a logarithmic spiral (Prandtl
zone) and a straight line reaching the surface (Rankine zone) is n@tegiaratchi et al., 1966)

(Senoon, 2013)Lee, 2019)
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(Shamsabadi et al., 200Wiroduced the Logspiral Hyperbolic (LSH) procedure to determine the
passive edh pressure evolution as a function of the lateral stBometimes specialized anadgs

like nonlinear static pushover are required for the seismic design of certain struetgtes (
bridges) Consequently, it becomes important to resolve the nonlinear-flispéacement passive
capacity provided by the backfill interacting with the structure. Thus, tHoalkad LSH model is

a planestrain model that was developed to estimate nonlinear-thsptacement relationships for
abutment walls based on the wall dimensions and backfill soil properties. This model is based on
a limit equilibrium method for ultimate capacity that employs logarithmic spiral failure surfaces
(Terzaghi, 1943)coupled with a modified hyperbolic soil strestgain relationshigDuncan and
Chang, 1970}o evaluatdoad-deflection behavior. Unlike classical lireguilibrium methods,
shear resistance of the soil is not assumed to be simultaneously mobilized acrossstipe full

failure surface, but instead varies as a function of progressive failure and stragatamalin the

wedgeEach progressive fraipltwmre dumfeadca sorasdeplca |ait

shear resistance and strain of the backfill as depictEuyir2-13.
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Fig. 2-13 Mobilization of passive resistance according to the-Bpgal Hyperbolic (LSH)
procedure sinc€Shamsabadi et al., 2007, p. 70@) forcedisplacement relationshipnd (b)

stressstrain relationship

2.4.2.2.2. Theories of plasticity

Theories of plasticity assume that a state of failure exists at any point within a certain area (zone
of rupture)or on a certain curve (line of failure). By means of this assumption, in connection with

the equations of equilibrium is possible to get earth pressure estimations.

(Kotter, 1903)derived a differential equation governing the stresses in a curved failure surface
(2-37) by considering the differential equations of equilibrium and the condition of limiting
equilibrium at each point. Ver y,ploballytbécauseuts e h a
is not simple and requires solution by numerical techniques. In two special cases it is possible to
indicate simple, exact solutions of this equation, one assuming straight dupesréRankine) and

another considering frictionless weightless earth where the slip lines of at least one family are
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straightand t he solution have closed form. An exac
the equilibrium and failure conditions. In equat{@87) tis ((seci $andUis the angle between

the failure line and the horizontal.

0 A ioA foon
'III'I_i c;i)‘)CI)N'I%—'i r DEI Meen (2-37)

I f the general shape of the failure Iine is kr
condition at one end, enables the determination of the straksesthe failure line. A recent

example of the application of this approach is in the wbiSun and Song, 2016)

Based on Coul o njfrandtl, 1928)yeterminesl thenfaildre lines corresponding to

the pressure of weightless< 0) (or frictionless soil) on a perfectly rough wate found that in

this case the rupture patteire( Prandtl zone) consists of a system of straight lines through the
rotation point and a system of logarithmic spirals with the rotation point as their pole. The variation

of stress along aspiralruptur | i ne was found by integration of

of 9= 0 that can be guaranteed only by makitandt constanin (2-37).

Prandtl zones usually occur in conjunction with Rankine zones. The point of rotation is usually
located at some singular point such asjrietancethe point where the backfill surface nette
wall inner face. When the wall is perfectly rough, the Prandtl zone may touch the wall in its entire

length. In the generalcaseaf 0d 0, no exact mathematical sol

(Sokolovskii,1965)introduced the method of the Slijine Field. In this analysis, it is assumed
that failure occurs at constant volumes of soil along slip lines that meet theQdalomb failure

criterion. This method has the advantage of providing a staticdityisaible stress state that
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satisfies the equations of equilibrium. The M&woulomb criterion is met by the application of
Ketterds equation which solution provides the
stresses on the failure surfaceok8lovoskii accomplished this solution using numerical
integration. However, the calculations needed to get a solution using this method are complex and
time-consuming even for simple problems. Consequently, attempts to simplify comes from charts

with soluions for certain configuration#lettiaratchi and Reece, 197d)addition of simplifying
assumptions to oversimplify the original method ardelztension the required computations

(Reece and Hettiaratchi, 1989)

2.4.2.2.3. Theories of elasticity

Theories of elasticity are either exact or approximate. In the last case the three stresses and the two

di spl acements at any point ar e, | enequdibriumm c i p |l e
conditions for a small soil el ement . However,
very simple cases, i deal conditions and wher e

possible; forinstance a concentrated force on tisairface of a semnfinite elastic medium
(Boussinesq, 1885)The application of theories of elasticity to lateral earth pressure problems
involves very simplifying assumptions. It may Bssumed, foinstance that the lateral earth
pressure increases in direct proportion to the deflection of the wall, the ratio between pressure and

deflection being proportional to depth.
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2.4.2.2.4. Arch methods

(Terzaghi, 1943)ntroduced the concept of arching action in soils andrde=d it as a common
phenomenon encountered in soils. He used this concept qualitatively to explain observed

nonhydrostatic pressure distributions of soils against retaining walls.

(Janssen, 1895]eveloped a differential equation for gseres in a silo by considering force
equilibrium for any differential platy element in the silo under the assumption that ratio of lateral

to vertical stresses is constant for grain st
theoretical bas to render approximate solutions for pressure distribution in soils by adapting in

some way that differential equation accounting for arching effects observed in silos.

(Spangler and Handy, 1988)ased on Janssends arching theory

the nonlinear distribution of active pressure on retaining walls.

(Handy Richard L., 198%)Iso proposed active pressure coefficients and equations for calculating
nortlinear active earth pressures. This author assumed a catenary arstrifoedthe path of the
minor principal stress. This theoretical resudtidsa curvilinear distribution typically centered at

a height 0.42 times the height of the wall and in close agreement with eristpigcaldata.

(HarropWilliams, 1989)also proposed active pressure coeffigesmd equations for calculating

nonl i near active earth pressures distributions
straightslip-failure line, and his main expression requires the use of theated parameteb

which is given as a functiolfo t he c¢cl assi cal Coul ombdos coeffic

additionally is presented as an approximate value only applicable for the translation condition.
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(Paik and Salgado, 200@yoposed a formulation for calculatirige active earth pressure on a

rigid retaining wall that translates horizontally away from the soil considering the arching effects

in the retained soil mass. This formulation accounts for the efféctaridli on the vertical stress

at depthzin the sol. However, this approach adopts the simplifying assumption made by Coulomb
considering a straight sl i p | €2y with ¢the borizentalo pi n g
Additionally, this approach also assumes the trajectory of minor principal streskedonm of

an arc of a circle. The shape of the concave arch or the trajectory of the minor principal stresses is
one of the commoarbitraryassumption# this arch method. On this regard, other authors have
assumedstraight line,elliptic, catenary oparabolic shapéLivingston, 1961) (Walker, 1966)

(Stevic et al., 1979]Handy Rchard L., 1985)(HarropWilliams, 1989) (Cao et al., 2019)
2.4.2.2.5. Methods using the critical state concept

It was not possible tbnd relevant research studying the active pressure in terms of critical state
However, the work developed lfldanna and Diab, 2010y (Fang et al., 2002pr the passive
condition in terms of critical state indicates a promising line of research that can be continued in
the area of active and-eg¢d conditions(Fang etal., 2002)concluded that passive earth pressure

at a large wall displacement can be adequately approximated by introducing the critical state
concept to Coulomb theory. According to these authors, this reasonable and conservative design

approachwould be more likely to keep the retaining wall on the safe side.
2.4.3. Empirical approaches
Classical theory can predict the magnitude of lateral earth pressure for normally consolidated soil

with adequate accuracy. Accordingly, there has not been a need of empirical approaches for this
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case. However, the classical framework does not providesteanedict the lateral earth pressure
for overconsolidated soil. As a result, the empirical research has been mainly focused

incorporating th@OCRfactor in the prediction of lateral earth pressure.
2.4.3.1At-rest pressure

Numerous empirical formulas for moally consolidated soils have been developed based on
laboratory testing and fitting of data and experience; however, all of them fall adaluyd
simplified expressioEl Sharif et al., 2011)0On theother hand, for the case of overconsolidated

soils there is a shortage of research. Since these empirical solutions condense observations of the
actual behavior of some specific types of soil, follasva review of the most relevant empirical

relationshps for atrest pressure overconsolidated granular sil

(Wroth, 1972a)roposed the empirical relationship-38) to calculate the coefficient of earth
pressure at rest for overconsolidated sand. This expression is commonly cited in literature despite
it seemgo bea circular reference That is, if theexpressions foKo according to Jaky2-18) and

that from the theory of elastici(-28) are plugged into this expression it turns out Kt Ko.

0 p OBIa® 6'Y ' 06'Yp (2-39)

(Lazebnik, 1974)proposed the expressi¢2-39); where:Kai s t he Coul ombjeés act.
is the unit weight of solid grains of sand /iy is theunit weight of dray soil in t/fh) andUis a

dimensionless parameter that characterizes roundness and sphericity of the sand patrticles.

0 o (‘)Aniaa,',— (2-39)
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(Meyerhof, 1976)roposed the equatiq2-40) to find a value for the atest earth pressure in

overconsolidated cohesionless soil.

0 p OBTaaMb 6'Y (2-40)

(Mayne and Kulhawy, 1982ased on a database containing over 170 different soils and statistical
analysis of this data proposed the empirical equaf@®4d4) and(2-42) as a way of predicting the

at-rest pressure of normally consolidated and overconsolidated soils.

0 p OBl 6'Y" (2-41)
0 opis® boy o boY 2-42
P 56y " 1P Gev (2-42)

(Sherif et al., 1984)eported experimental results regarding theeat stresses against a rigid wall

as a function of soil density. The magnitudes and distribution of stastastressegyainst the
retaining wall for loose, mediummlense and dense sand was recorded from an instrumented tank.
They confirmed that when the backfill behind the wall is densified either compacted or vibrated,
the magnitude of the-aést stresses increasescause oflensification of the backfill. The tdtat-

rest stress exerted on the wall could be the sum of the stresses due to gravity effects and-the locked
in stresses due to densificatidBasedon fitting of data, the empirical equatiqd-43) was
proposed to estimate the-rast pressure for a compacted granular backfill. Whens the
compacted dry unit weight of soil behind the wall aagin) is the dry unit weight of soil in its

loosest condion.
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(Mesri and Hayat, 1993)eveloped exhaustive laboratory testing on undisturbed specimens from
various soft clay éposits and used existing results to observe the behavior ofrémt ptessure

in various conditions. For the earth pressureeat in sedimented, normally consolidated young
depositKop as denoted by these authars.(the saméo in present work) was adopted thaky
simplified solution previous validation with experimental resultsen by rewriting in terms of

the critical volume friction anglé & they propose the empirical expressi@44). For the
overconsolidated condition, these authors adopted the expression accordMgyte and

Kulhawy, 1982)ut rewpteit in terms of the critical volume friction angleé, in Eq.(2-45).

0 p OBl (2-44)
0 0 BEY’ (2-45)

(Hanna and ARomhein, 2008)leveloped experimental invesdigpn of the atrest earth pressure

of overconsolidated cohesionless soil acting on retaining wallsislthased on a prototype model
instrumented in laboratory. The materials under analysis were homogeneous overconsolidated
densemedium,and loose sarsd Test results showed that the coefficient efeat earth pressure
increases with the increase of tAER The measured lateral earth pressure according to this study
agrees well with that calculated using equati@i38), (2-40), and(2-41) but only up to aitOCR

of 3. In view of this andhasedn these experimental results, these authors proposed the empirical

formula(2-46) that better predicts for a wider range of overconsolidation ratios.
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0 p ORBTa 6'Y " 8 (2-46)

(Lee et al., 2013approached the -aest pressure from its correlation with strength. For this, the
authors performed basic property, oedometer, and tritesé&d on various granular samples. In

this way they obtained values for the steady state angle from triaxial tests conducted up to an axial
strain of 20%. Based on these results they concluded that the mobilized friction angle can be
presented as a functiof the steady friction angle obtained from a triaxial test and dilatancy, see
Eq. (2-47). To account for the influence of dilatancy and having obsearedéxperimental
correlation between dilatancy and relative density the authors proposed the correction Egtor

(2-48) correlated from their expeniental data. From this study is interesting to highlight that for
high dilatant materials the constartlume friction angld &, can not be obtain at this relatively

low level of strainite., 20%).

p OEdD @
— (2-47)

p OEdD @
5 ™ w0 b 8 (2-49)

(Santana and Candeias, 20pB¢sented an experimentachnique using a computer controlled
triaxial test to evaluate the coefficient of earth pressure akKse#ts reported by these authors,

this method has the advantages of being free from any side friction effects and automatically ensure
that diameter dinge remains zero. By regression analysis these authors determined the
characteristic relationship féfo.ocras a function of the overconsolidation ratio for the Toyoura

sand, see equati@@-49).
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2.4.3.2Passive pressure

(Hanna andKhoury Imad, 2005, p. 984)eveloped experimental research on overconsolidated
sand to investigate the passive condition. The overconsolidation was produced by means of
mechanical compaction and then the pressures on the wall were recorded with dheraid
instrumented tank. These experimental results were compared satisfactorily with theoretical
predictions. After verification, these authors proposed the empirical eq2tsfl) to compute

the passive earth pressure in overconsolidated frictional soils accounting for rousfhustuire

interface between 1R & U< 2/31 6

0]
e B Y (2-50)

(Hanna and Diab, 2017hvestgated the passive condition applying a numerical model for a
retaining wall translating horizontally into a mass of sand. The model was based on the finite
element technique, the constitutive law of the modified Aay model, and theritical statesoll
mechanics (CSSM) concept. After validating the numerical model with the available experimental
data for normally consolidated and overconsolidated sands, the model was used to predict data
from a wide range of parameters. Based on the results obtainedcaliy¢he empirical formulas

(2-51) and(2-52) were developed to predict the passive pressure for any given CSSM parameter

and overconsolidation ratio.
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Where: Y Lm o'Y
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2.4.4. Limitations of existing methods

To be fully satisfactory, a general earth pressure theory should méet @inditionsexpected
from an exact solutiorthat isto: (i) satisfy equilibrium, (ii) satisfy a yield condition and (iii) verify

a stressstrain relationship.

Empirical methods @y be very useful, but their application is usually limited to such assumptions
and conditions behind their derivations. Loosing in this way capacity of generalization and
physical or conceptual connection; clearly, they do not satisfy the requiremeathebhnies of
elasticityreviewedare complex for practical use, they contain very simplifying assumptions and
as a result the methods usuallgld too inaccurate results. In addition, theories of elasticity rely
on the Poi sson6s oesimatedorthelrdquirédd density aoraitionse Analyticalt
derivations can be probed-derived or are developed incompleteframeworks resulting in
incomplete or unrealistic predictions of experimental results except fodakye simplified
expressionhat coincidentally happens to yield a relatively better prediction for tfestpressure

of natural soils
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To conclude, none of the known methods satsshe complete set of requirements for a general
active, passive and -atst lateral earth presser theory to be exacWhenever thearbitrary
assumption is the internal distribution of stresses, a boundary condition, or the slipttaiure

geometry, there will be a gap between predictions and actual phenomena.

2.4.5. Descriptive experimental work on lateral earth pressure

Experimental work can show a more realistic view, for exarfe 2-14 shows a measured
diagram for atrest pressure by SDKi§pe pressure cells and tha. 2-15 shows the shape of the

active failure wedge by Particle Image VelocimetriM)Panalysis. Cleary there is an important

gap between theoretical predictions and nature, specially in the assessment of the magnitude and
distribution of pressures. Follomg isa mention of more relevanésearchnvolving descriptive

experimental work.

b

60 20 fowm 0 20 40 B0«fa

Fig. 2-14 Measured diagrams of lateral earth pressure at rest on a stiff wall. 1: backfill at
elevation-8.9 m; 2: backfill at elevatior6.5 m; 3: backfill at final elevation 0.00; 4: 10 months
later aftercompetition of wall backfill; 5: calculated from equati@39). Adopted from

(Lazebnik and Tsinker, 1997, p. 202)
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(b)

Fig. 2-15 Detection of the failure surface geometayas plotted on the shear strain mapg (b)

as idealized. Adopted frofCinicioglu et al., 2015)

(Tsagareli, 1965nvestigated the lateral pressure of backfill made of loose sand on large retaining
wall model (wall height between 2 m and 4 m) with a vertical back face and horizontal backfill
surface and determad the magnitudeadistribution,and height of resultant force of active earth
pressure. This is perhaps the neatest experiment performed and various interesting conclusions can
be drawn from it. On the influence of the wall displacement on the failuraceushape Tsagareli
reported that little influence was observed to the pointithveds possible to use only one type of
displacementife., translation). According to this author the experimental curve of the failure
surface can be approximated by thevpofunction in the equatigf2-53) as a function of the angle

of internal frictionl @nd a coefficien€ having the dimensionality of length. Moreover, Tsagareli
probes this failure surface defined from equa{i@#3) is the same independently of the wall
height. This finding explains why research on small scale models is incomplete sirstip-the
failure line obtained fromhibse smailkcale experiments could beed by different curves without

a noticeable deviation.
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According to Tsagareli, the normal earth pressure obtained in these expgfgneqgaal to that

calculated by Coulomb's formula for a frictionless stilicture interfaceti(= 0). This indicates

that the effect of the friction in the sa@tructure interface is to increase the oblique resultant of
stresses. Accordingly, the resuit of the total earth pressure was found to be inclined at the same
angle of friction in the soitructure interface. Tsagareli measured an angle equal tb 615

smooth wall inner face and equalitador rough walls. Finally, he determined that theation of

the resultant force due to the total lateral stieasound0.42H from the bottom of the wall being

H the height of the wall. In conclusiol,s agar el i 6s experi ment al res
theoryyields approximatevalues for the magnitude of active force, but not for the ataiezal

earth pressure distribution.

(Narain et al., 1969by means of physical tests investigated the rupture lines and earth pressure
distribution on a rigid retaining wall on passive condition due to sand backfill. In accordance with
some previous researchers, these authors concludeti¢hgpe of wall displacement is one of

the important factors affecting the pressures distribution and the geometry of the failure surface.
Additionally, they pointed out that the classical earth pressure theories are inadequate to assess

passive pressures.

(Matsuo et al., 1978)nvestigated the lateral earth pressure evolutiorre@tactivepassive
sequence) behind a retaining wall of concrete of 10 m height. The displacement of the wall to get
passive andctive conditions was applied by rotation around the bottom of the wall. Silty sand and

slagswere used aackfills material. Apparently in this fubcale setup many influencing factors
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could result out of the control and measure proper of a laboeteionmentThe aithors report

for instancemechanical compaction during and after backfill placement, the apparent cohesion
resulted due to the various mechanical friction observed within the large sized shear apparatus, the
arching effect due to thdagic material adjacent to the 1-wth instrumented wall, the shear
strength measured on samples prepared at lower density than that in field, the lack of capacity of
the oil jacks, among others. Nevertheless, some important conclusions can be drawmsfrom
work. The lateral pressure is nbnear and can be very irregular in layered sdiks., (backfill
compacted in layers), the active andegt coefficients of lateral pressure are lower and higher
respectively as expected due to the mechanical octiopaafter construction of the backfill the

earth pressure grows gradually until it stabilizes at thesitcondition. Additionally, it was
reported an increase of the active pressure with time after the wall was rotated and fixed into its
end locationsadly this apparent recovery of pressure was monitored only during a limited time so
there is no evidence of its continuity or its eventual stabilization; as a result, no conclusive facts
can bestablishedrom this reported timelependant behavior. Hower, these authors proposed a
design philosophy in which they recommend designingetayning wall against the-a¢stlateral

earth pressurénstead of the activéateral earth pressure, this based on that recovery trend

observed.

(Fang and Ishibashi, 198@eveloped experimental research to observe the distribution of the
active stresses due to a sand backfill behind a rigid wall rotating about the top, the heel and in
translation (wall height of 1 m). The experimental results indicated that the stredsitist is
nonlinear and that the stress near the fixed point of rotation increases toward the level-of the at

rest stress. As a result, the magnitude of the total lateral earth pressure for a rotating wall (either
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end fixed) resulted in average about 1f@igher from that given by Coulomb's solutignd the

point of application of the lateral thrust can be either higher or lower thathoddérom the wall

base if rotation is about the top or ti@tom,respectively. On the other hand, in translatiordeno

the magnitude of the total lateral earth pressure was found to agree with Coulomb's solution and
the location of the resultant active force agreed well withigfexence level dd.42H obtained by

Tsagareli in the same translation mode.

(Stewart et al., 201¥eported experimental results of larggale tests in passive condition. These
authors tested two seskructure specimens 2.4 m in height with identical characterestozpt for

the level of compaction of the sandy backfill. One specimen was compacted at relative densities
ranging from approximatelyp; = 0.40.6 (medium dense) and the other at a high level of
compaction oD, = 0.9-1.0 (very dense). Other than the dagof compaction, the two specimens
were essentially identical in terms of dimensions, material gradation, and boundary conditions
imposed during testing. The boundary condition imposed on the test was horizontal displacement
towards the backfill withoutatation (inward translation). The medium dense specimen exhibited
nearly elastigplastic response with negligible strain softening. The peak resistance corexspond

to a passive earth pressure coefficienKef= 10 and occurred with a satructure intdiace

friction that was approximately half of the soil friction angle. The very dense specimen exhibited
a strongly strain softening response with a peak resistance and followed by a large strain
approaching residual capacity. These capacities corresptmt, values of 24 and 17 for peak

and residual conditions, respectively. As before, thes$nicture interface friction angle was
approximately half of the soil friction angle. Measured earth pressure distributions against the wall

were found to be lirex in accordance with classical theories. The laot¢ained coefficients of
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passive lateral earth pressure are consistent with the degree of compaction during backfill
installation (.e., the OCReffect). The failure surface was reported to initiate tieabase of the
wall, then it extended downward about 5 cm to 10 cm to finally extend upwards toward the backfill

surface 8 m apart from the wall, deig. 2-16.

Fig. 2-16 Path of the failure surface aft@tewart et al., 2011, p. 74)

(EI-Emam, 2011)developed experimental and numerical investigation otsttlateral earth

pressuren overconsolidated sandy soil (olivine sand). A specially instrumented container of 1.0

m high was used for this purpose. The sandy soil was compacted by viliraiiocrease
overconsolidation. This author found the horizontal force was about three times the value
calculated by classical-ag¢st earth pressure theone( Jakysimplified expression) for the sandy

soilofil &= 46e and the vi bduaes usedwhioh avengpraported to he inp r o ¢ ¢

perfect agreement with an overconsolidation r@@R= 4.
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(Khosravi et al., 2013ronducted a series gfhysical model tests for the active andrest
conditions of a rigid retaining wall.3 mheightsubjected to horizontal translation. The behavior

of a granular retained soil was investigated experimentally using a set of precise miniature pressure
cellsand particle image velocimetry. The distribution of shear strain confirms that the failure zone
is separated from the-gtst zone by a shear band behind the wall| &.thin zone of failure rather

than a surface). The active stress distribution andtitest stress resulting from these experiments
compares well with corresponding experimental results girsagareli, 1965, p. 198nd(Jaky,

1948) respectively. Additionally, the rekant lateral earth pressure equals that provided by

Coulomb's solution.

2.4.6. Discussion on lateral earth pressure

As far as reviewed there is not yet an exaatomplete solution for the problem of lateral earth
pressure. Apart from the magnitude of the gues, other factors like an explicit exact derivation,
stress distribution, the evolution of lateral pressure with deformation and the effect of the

overconsolidation rati®@CRare still in research and further development is required.

As explained beforefigures resulting fromJaky simplified expression appear valid when
compared with laboratory resulthowever, thisexpression lacks an explicit derivation
Accordingly, instead of being a waleveloped theoryJaky simplified expressioncan be
described as aseful empirical formula to approach the magnitude of thestpressure for
normally consolidated young deposi@®onsequently, the theory of-edstlateral eartlpressure is
not well founded and isaggedcompaed with the theory for passive and actilsgeral earth

pressures.
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Both classical and contemporary theories are generally based on th&Cbldomb criterion of

failure which is fundamentallapplicable to a continuum and has shown not being enough for a
discrete assembly of particles. A more integral model stablishing the coordination between
deformation, porosity and shear strength based on the analysis of an assemblage of particles at
critical state seems a more realistic approach for granular materials and is a current need. On this
scope therés recent research indicating that by applying the critical state concept is possible to
treat in a more advantageous manbe lateral earth pssure for normally and overconsolidated

cohesionless sofHanna and Diab, 2017)

Apart from the MohuCoulomb criterion of failure, other principles have been adopted like for
instancethe principle of superposition or soil homogeneity; however, in some point within their
derivatian all methods resort to at least one additional simplifying assumption that usually lacks
conceptual base or phenomenological linble2-1 andTable2-2 summarize the assumptions
and the partial prediction associated to some of the known analytical approacheglidnaed
complete theory folateral earth pressure on a wall retaining homogeneous overconsolidated

cohesionless soil is then an oblige first step toward the appropriate understanding of more complex

scenarios.

Method/Theory Common arbitrary assumptions Predictions
Name Failure Stress Boundary 3 constitutive Ko Kooc
shape distribution  condition model
(Jaky, 1944) U U U Vv
Theory of elasticity U U U V
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Method/Theory Common arbitrary assumptions Predictions

Name Failure Stress Boundary 3 constitutive Ko Ko-oc
shape distribution  condition model
(Hendron Jr, 1963) U V

(Pruska, 1978)

(Terzaghi, 1923) U V
(Evesque, 1999) U Vv
(Guo, 2010)

(Huang et al., 2006 U Vv

Table2-1 Summary of assumptions and predictions of various analytical approachesefetr at

earth pressure
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Method/Theory Common arbitrary assumptions Predictions

Name Failure Stress Boundary 3 Closed Pressure Stress Failure OCR

shape distribution condition form magnitude distribution shape
solution

(Coulomb, 1776) U \% \%

(Rankine, 1857) U U \% \%

(Kotter, 1903) U U U Vv Vv V

(Sokolovskii, 1965) U U \% \%

Limit equilibrium U U \%

Logarithmic spiral U U \% \% \%

Elasticity U U U \% \%

Arch U U \% \%

Table2-2 Summary of assumptions and predictions of various analytical approaches for active and passive earth pressures
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2.5. Critical state: fundamental concepts and actual practice

2.5.1. Concept of critical statesoil mechanics CSSM

Critical state is the ultimate state at which a soil continues to deform at constant stress and constant
volume (Roscoe et al., 1958) The elements a model must conteonview this concept are

indicated in thé=ig. 2-17.

Friction qQ
Three material
constants
Critical state Compressibility < ¢
model
Initial State n, OCR;"

' v,0

Fig. 2-17 Components of a model viewing the concept of CSSM

2.5.2. The micromechanical approach

The micromechanics approach for constitutive modeling considers the soil as an assemblage of
particles, sed-ig. 2-18. Accordingly, this approach resolves soil behavior by integrating the
interparticle forces at the particle scqdRolton, 2000)osited the micromechanics approach as a

tool with the potential of overcome shortcomings in the clakssmatinuum approach to soil

mechanics.
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Fig. 2-18 Soil as an assemblage of particles, the main assumption of the micromechanics
approach(a) interparticle network of contact forces, illustrative imagerptatbfrom
(Santamarina and Shin, 2009)) illustrative uniform packing investigated ffirowe, 1962)

and €) DEM model of a polydisperse packing investigatedJeyves and Andrade, 2016)

The micromechanical approach has been used mainly to investigate soil behavior; the angle of
shearing resistance in generafidthe definition of the constawblume friction anglel é as a
function of the interparticle sliding frictiomnglel 8. The numeralg.3and2.4presented a sample

of those research studies using the micromechanical appfGacjuot, 1934)(Rowe, 1963)

(Rowe, 1963) (Hendron Jr, 1963)(Pruska, 1978)(Lee and Herrmann, 1993}Jerves and
Andrade, 2016)(Shen and Liu, 2018)However, €w or nil relevant research can be found

regarding investigation of lateral earth pressure using this approach.
2.5.3. Stressdilatancy relationship

(Rowe, 1962derived the stressdlilatancyrelation(7-9) for plane strain conditionsy using the

micromechanical approach. The deformation in this relation assumes the ratio of energy absorbed
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in friction to energy supplied is a constant minfmu R 0 w e i@ifatareyt relation s the most

widely used for granular material.

(Roscoe et al., 1968gveloped another widely known strestsain relationship based on an energy
dissipation equation but specially developed for cl@yeroto, 1987)applied a limit equilibrium
approach of a block sliding on a p&ato derive a stress dilatancy relation for the case of soll
element under simple shear.general, most strestrain models for uniform sand are adaptations
based on RsrareréatonsgTatsueka,sl976)(Bolton, 1986) (Xiang-Song et al.,

1999) (Hanna, 2001)Wan and Guo, 2004§Chakraboty and Salgado, 2010)

2.5.4. Actual practice for the measurement of theplane-strain critical state friction
anglel &ps

The three more comma@xperimentatechniques to measure thianestraincritical statefriction
anglel @&ps are:thering sheartest(Sadrekarimi and Olson, 2011he planestrain biaxialtest
(Alshibli et al., 2004)and the staticangle of repos¢Santamarina and Cho, 200T)his last
technique provides a simple bubre accessible measure of this soil parameter for the punctual
case of a normally consolidated soil under low confining sttedsnormally consolidated state
The more common techniques used for the measurement piathestraincritical statefriction
anglel & ,sby means of the direct measurement ofgtaticangle of reposé were presented in

detail in the numer&.3.1or summarized ifrig. 2-19.

In the absence of a standard plstrain test,liedirect shear test or tliBaxial test has also been

used for théndirectestimatiorof I §s(Taylor, 1948)(Davis, 1968)(Rowe, 1969)(Dietz, 2000)
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(Hanna, 2001)Lings and Dietz, 2004]Lee et al., 2013 spiteof being an inappropriate stress

strain symmetry

Previous shortcomirgjarestill under development, for instance, sorasearcherbavepropose

the application of torsional ring shear test like that currently standardized for clay (ASTM D6467)
butfor cohesionless soils. The later by developing a new apparatus specially designed to cope with
sand and devised to ap@gygiven confinement pres®iGarga and Sedano, 2008 adrekarimi

and Olson, 2009)For instance, theritical statefriction anglel & of three natural sand samples

was successfully measured using one version of xpisrenental ring shear device and the results
were satisfactorily cross validated by means of the direct measuremensiatitengle of repose

on a pile of san@Sadrekarimi and @bn, 2011)Despite ring shear test for cohesionless soil is a
promising laboratory technique, this seems to be still under development and no standard

commercial apparatus currently available.
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(Li et al., 2005, p. 225)
|

ASTM DB393 (D18

Committee, 2014}

(Wu and Sun, 2008, p. 16) 0

iy

(Santamarina and Cho, 2001, p. 187)

| IN——

. ._,.'\.lJ Huap

AL

(Miura et al., 1957, p. 53)

Fig. 2-19 Common techniques for the measurement optarestraincritical statefriction angle

| & psthrough the measurement of taticangle of reposé.

2.5.5. Actual practice for the measurement of the interpatrticle sliding friction angle

i 6

The atomic force microscope (AFM) can measure the interparticle sliding friction ghgbé
grains between clagizeto fine sand size. The basic principle of the AFM is a cantilever beam of
known stiffnessi(e., a proximal probe method of detection,
and lateral forces between the grains surface at the contact point between two grainsesr detw
grain and a flat surfacéJones, 2003)or instance, reporteAFM results for friction on artificial

particles with size in the range 0.04 mm to 0.20 mm. Howegart from its limitation in the
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maximum size of grain, this technique possesome shortcomings like cost, the need of

complicated calibration and difficulties in the appropriate manipulation of single diainell

and Cleaver, 2001)

20 microns

Fig. 2-20 Scanning electron microscope micrograph of a glass microsphere mounted on an AFM

cantilever beam. lllustrative imagen adopted fi@mwyrrell and Cleaver, 2001)

Experimental devices to develop direct shear test between two grains have also been developed

for the measurement of the interparticle sliding friction ariglg (Cavarretta et al., 2011)

(Senetakis et al., 201,3eeFig. 2-21.
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Alumininm hase Stainless steel sled

Fig. 2-21 General scheme of intgarticle loading apparatug)illustrative sketch adopted from
(Senetakis and Coop, 2014nd(b) illustrative photo of the contact betwette two tested

particles adopted fron{Senetakis et al., 2013)

This kind of experiment is based on the satassical contact mechanics theory between twe non
adhesive spheres and access to the tangential friction by means of force measutenentss|

N andthetangentialF), as indicated byrig. 2-22(a) andEq. (2-54). The maindrawbackof this

technique is its high cost and the lack of representativeness since only two grains are involved. For

the case oluniform artificial particles more that two partidecan be tested in a single test
mitigating in this way the problem of representativengsset al., 2005) However,this last

approach is more difficult for natural soils due to intrinsic difficulties in sample preparation. An
alternative for the determination of frictionisthetile st , i n this case the s:

can be tested but in a ttiést device as shown kig. 2-22(b). The angle of inclination of the table
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Uat thetime where slidingstarts(to) will provide the same kinetic friction angle but this time by

means of the expressi¢a-55).

{F;\ l'x‘x'z'):';.".:.‘x"x'

Fr7rrrs fF 77777777777 \

F

(a) (b)

a

Fig. 2-22 Experimental setup for the measurement of the interparticle sliding frictionlarigle
(a) measurement based on forcaisd(b) measurement based on the sliding angigest block
full of fixed artificial particles, B: baskaving the same sliding friction tfe particles;

illustrative sketch adopted frofhi et al., 2005)

(2-549)

(=] d

< OA1l (2-55)

2.6. General conclusion from the literature review

Numerous studies have confirmed tampirical validity of the values resulting frondaky
simplified expression foKo [see formulg2-18) (Jaky, 1948} however, manyw@hors agree on
the lack of demonstratioaf this semiempirical expressionApart from theprevious,equation

(2-18) depends solely on the effective angle of shearing resis@hg&lthough such use is
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appropriate when soil is normally consolidated, the magnitude of the earth pressure coefficient is
always affected by stress history, represented by the overconsolidatioDC&ias revealetby

(EI-Emam, 2011and(Mayne and Kulhawy, 1982)

In theory, when soils overconsolidated, the passive and theest earth pressure coefficients
exceed the value calculated by using classical theory and increaseOf3Rimereases. Many
researchers, includingdanna and Khoury Imad, 20Q%Wroth, 1972b) (Mayne and Kulhawy,
1982) (Hanna and ARomhein, 2008)(Hanna and Diab, 20179nd (Meyerhof, 1976)have
noticed the effect of th®@ CRand thus proposed empirical equations to calculate passive-and at
rest earth pressure coefficients incorporated withQEO s e Nevestiteless, a theoretical

framework for this inclusion dDCRIis still missing.

On the other hand, the current thetwy active and passive coefficients is based on an arbitrary
geometry for the slyailure surface, the more common assumpbeimga planar failure surface.

This assumed geometry differs substantially from the geometry observed experimentally and
conseqently produces a wrong distribution of stresses and location of the resultanb#irumst

the wall(Tsagareli, 1965 Benmebarek et al., 201gBtewart et al., 2011Yhis is an indication

that the theory for active and passive conditions isistibmpleteand moreaesearchs required

specially in to capture the nonlinearity natural of this phenomenon

Finally, current theory focuses othe stress part associated to keral earth pressutbeory
ignoring in this waythe continuous stressgrain evolutionproper of the actual phenomenon
Lateral earth pressure is more thia@pressure by itselin fact, this phenomenon is a continuous

soil-structure interaction that should be better presantaporating thessociatedtrain
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Chapter 3:  Experimental Investigation

3.1.General

Table3-1 presents the summary of experimental tests developaesent studyDescription of

methodologyandraw resultsfor each of theests executed tmeasurehe soil parameters and

lateral stressesrealsopresented in thishapter

Experiment description Material Qty.  Targeted
Interparticle sliding friction angle UHMW Polyethylene 27 | @ups
from the frictiontester device Sandpaper P50 27

Silica sand 27
Planestrain citical-state friction angle UHMW Polyethylene 5 I &ps
from the flat device Sandpaper P50 5

Silica sand 5
Angle of repose from the fixed base Silica sand 5 b
and moving funnel device
Angle of repose from the fixed base Silica sand 5
and fixed funnel device

Silica sand compacted by thi 7 Ko-oc

standard Proctor energy
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Experiment description Material Qty.  Targeted

Lateral earttpressure on soil using ar Silica sand compacted by thi 6
i nstrumented st alreducednodified Proctor
and surcharge transferred by a pisto energy

Silica sanccompacted by the 5

modified Proctor energy

Non compacted Silica sand 6 Ko, Ko-oc

Table3-1 Summary of the experimental prograeveloped for presengsearch

3.2. Silica Sand: basic properties

Silica sand has been consistently used by former researchers at the geotechnical laboratory of
Concordia University; consequently, our research team has gained specific knowledge on this

granular materiaHere some of the basic properties collected froidata set fosilica sand.

(Di Camillo, 2014, (Vakili, 2015) and (Alharthi, 2018)performed laboratory teste.(), sieve
analysis, specific gravity tests, relative density, and direct $ésta) orsilica sand to determine

its granulometric properties and angle of shearing resistance at different relative densities.

Results of the sieve analysis presentedrign 3-1 were compared byAlharthi, 2018)to that
obtaned from(Vakili, 2015)who also performed the sieve analysis test on the same typi, of s
indicating that the soil was uniformly graded, with a uniformity coeffici€a} &nd coefficient of

curvature Cc) of 1.88 and 1.01, respectively. According to the Unified Soil Classification System
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(uscs) , the soil is classified as ASPO. The
according to USCS classifieds as good. When compacted this soil exhibits itdery |

compressibility and expansion as well as reasonable stability when dense.

A specific gravity (5s) test was also performed, which revealed specific gravity to be 2.62, and the
maximum and minimum unit weights were 17.16 kR/amd 13.98 kN/my respectiely. The

physical properties allica sand are summarized able3-2 adopted fron{Alharthi, 2018)

Direct shear tests were also performedibeca sand. By calculating the weight of the soil required
to fill the shear box for a specific relative density and by applying different compaction energy,
four different relative densities were achieved and tested; 30%, 45%, 60%, and 75%. The shear

box results appear ifable3-3 andFig. 3-2, adopted fron{Alharthi, 2018)

100 /
90 | ---- Vakili(2015) /

80 f
70

/
60 C,=1.88 A
C =101 !

Test Results /’

50
40

30 Z’J
20 ﬁ:
10 /

0 "

0.01 0.1 1

Percentage Finer (%)

Partical Diameter (mm)

Fig. 3-1 Particle size distribution for silica sand-40 adopted fronfAlharthi, 2018)

70



Test Soil Property Silicasand 40-10

Sieve Analysis Test dio (Mm) 0.15
dzo (Mmm) 0.21
dso (Mmm) 0.26
dso (Mm) 0.29
Coefficient of uniformity Cu) 1.88
Coefficient of curvatureQy) 1.01
Soil Classification (USCS) SP
Specific Gravity Test Specific Gravity Gs) 2.62
Maximum and Minimum  Maximum Dry Unit Weight (kN/rd) 17.16
Unit Weight Test Minimum Dry Unit Weight (kN/rd) 13.98
Minimum Void Ratio 0.50
Maximum Void Ratio 0.84

Table3-2 Silica sand physical properties adopted fi@dtarthi, 2018)

Relative Density Void Ratio Angle of Shearing
30% 0.74 32.96
45% 0.69 34.93
60% 0.63 36.80
75% 0.58 38.79

Table3-3 Relative density and corresponding angle of shearing resistaraictbsand 4610

adopted fron{Alharthi, 2018)
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Relative Density (D,)

15%
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Angle of Shearing Resistance (¢'), degree

Fig. 3-2 Relative density and corresponding angle of shearing resistance adopt€dlfrarthi,

2018)

(Hanna and Diab, 201Bgased a (Hanna, 2001)eported compressibility propertiessifca sand

as shown imable3-4.

Sand condition Relative density (%) = 3

Loose 21 0.27 0.00720

Medium 52 0.25 0.00625
Dense/Medium 75/52 0.25/0.24 0.00581/0.00600
Medium/Dense 52/75 0.24/0.25 0.00600/0.00581
Dense 75 0.24 0.00558

Table3-4 Compressibility properties failica sand adopted froifHanna and Diab, 2017)

72



3.3. Experimental investigationfor critical state

3.3.1. General

As concluded in the literature review (see num2ral?, there are various external influencing
factors affecting the measurement of the angle of repasengthem, we have the interaction of

the granular material with the measuring device, the added energy due to a given height of falling,
excessive height of the center of gravity of the falling mass or the added acceleration when rotation
is involved. Due toltese influencing factors, measurements ofsthécangle of repose usually

lack precision and repeatability. This unfavorable situation is added to the fact that the range of
the angle of shearing resistaricéof naturally occurring sands (20°(<& 40°) is too narrow if
compare with the complete theoretical domain of the angle of shearing resistadted@® 90 e ) ,
seeFig. 3-3 and the state of the art tends to @nteate in thisiarrow segmergromoting a biased

view of the problemThese two problemare addressed by the experimental techniques herein

adoptedthese techniques are now explained in detail

artificial

natural

——

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
angle of shearing resistance, @' (°)

Fig. 3-3 Theoretical domain for the angle of shearing resistance contrasting the narrow window
offered by natural sanamly with the wider window that can be accessed if artificial granular

materias areinvolved
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3.3.2. Methodology ofthe experimental tests for critical state shearstrength

parameters

This experimental investigation uses Hpecificcase of critical state known #ee staticangle of
reposeb, seeFig. 2-3 and numerak.2.2 In this case the initially available friction is the
interparticle sliding friction anglé @iia = &= 1 §and the finally developeflanestrain

critical statefriction angle is thestaticangle of reposé éha =1 &ps= b.

From the geometry of thimeoreticalrelationship between thglanestraincritical statefriction

anglel @psandthe planestrain constartolumefriction anglel & ps[seeEq. (4-8) andFig. 4-2],

it seems reasonable to prove experimentally the three most characteristic pdtids HP.
Consequentlythree granular materials were used in this investigation, namely raitwalunded

silica sand (seaumeral3.2) and two artificial cohesionless granular materials, one coated with
ultra-high molecular weightUHMW) polyethylene and the other coated with P50 sandpaper. The
two artificial cohesionless granular materials were intentionally selected to target the two zones
where the curve defined tBq. (4-8) deviates the most from the equality line drawifrig. 4-2.

The silica sand represents a natural material and talgeohe where the curve defined Hy.

(4-8) crosses the equality line drawnhig. 4-2.

The two artificial cohesionless granular materials were created from wooden discs with smooth
lateral surfaces of approximately 25 mm diameter and 5 mm thicknessuriied surfacef these
wooden discs was coated with films of UHMW polyethylene and R&0 sandpaper to provide

low- and highfriction materials, respectivelfl.able 3-5 summarizestte specifictesting program

followed during the experimealtinvestigatiorfor critical state
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Experiment/Test Material Qty. Targeted Methodology

description variable (Purpose description
Planestraincritical UHMW Polyethylene 5 I @ps See numeral
statefriction angle from P50Sandpaper 5 3.3.21
theflat device Silica sand 5

Static angle of repose  Silica sand 5 b (to discuss the See numeral
from thefixed baseand influence of added 3.3.2.2
moving funnetievice inertial force$

Angle of reposdrom Silica sand 5

thefixed baseandfixed

funneldevice

Planestrain onstant UHMW Polyethylene 27 1 @yps See numeral
volume friction angle  P50Sandpaper 27 3.3.23

from thefriction-tester  Silica sand 27

device

Table3-5 Summary of the experimentalvestigationprogram to validate the theoretical model

for critical state
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3.3.2.1Methodologyfor the measuremenof the plane-strain critical state

friction anglel @&psusing the flatdevice

The rotary box metho@Vu and Sun, 2008, p. 1Was adopted to measure the static angle of
reposeb or the planestraincritical statefriction anglel & ps Note that the determination of the
critical statefriction angle in cohesionless soils by means of the static angle of repose is not new
(Santamarina an@ho, 2001)(Atkinson, 2017, p. 135Fig. 3-4(a) shows a conceptual sketch of

the rotary box test, andig. 3-4(b) shows the actual rotary box developed to measure the static
angle of repose. This apparatus consisted of a container made with two parallel sheets of rigid,
properly framed transparent glass measuring 890 mm (width) x 500 mm (height) and a 6 mm
internal slot.An air gap in the order of Bto 1.0 mm was provided between the discs and the
container walls to eliminate any source of lateral constrain and facilitateésitting of particles

within the flat containerThe frame was attached to a stable, leveled base by means of hinges. The
box rotated automatically at a very slow speed of 0.05 rpm via a mechanism composed of two

dampers of 200 N each and a linear actuaith a capacity of 1500 N.

box without its lid

& box in its vertical
Q§5/‘ “  final position hinge
v
| box in its grid - |1 Ze,md g
sub-horizontal Ixlem ' 151?3 o
initial position 1, damoers
£ L
[/ box ! transparent p
" S = Ll glass
N TR 7’\ hinge base

Fig. 3-4 Automatic rotary box: (a) conceptual cressctional sketch; (b) actual lateral view.
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This mechanism all owed t he g¢gr ad uwlolizonfelpaositianv at i or
toward the final vertical position. This flangleof-reposedevice was developed to measure the

static angle of repode=1 & psof both silica sand and artificial granular materials in a flat setup

that duplicates the main charaeséics of the theoretical model (i.e., a ddnensional plane

strain condition)During the rotation process, the free face ofditieasand formed a stable slope.

Thefinal steeperangle of this slope [delimited by the black arrows marking toe and crEgj.in

3-6(b)] with the horizontal was recorded as the static angle of repasethe two arficial
cohesionless granular materials, the included angle of repose was measured as the static angle of
repose, as indicated kig. 3-6(a). The same structure of theitary pack of particles indicated in

Fig. 4-1(b) was physically replicatefr each testedlope, as highlighted iRig. 3-5(c).
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Fig. 3-5 Final vertical position of the rotary box showing the angle of repasehesubstep#6
(of the sequence sovim Fig. 3-6) corresponding ta single test for each of the three

cohesionless granular materials: (B(IMW polyethylene (b) silica sand; and (c) PS@andpaper.
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The procedure followed to measure the angle of repose using this automatngfedf-repose

device resembles a slopalsility analysis. The principle of this approach lays in the definition of

the angle of repose as a limit; that is, a slope steeper than the angle of repose is notipassible (

collapse) while a slope flatter than the angle of repose remains stablmea@ksarement of the

angle of repose was then approached by using the following procedureig(s®6):

a)

b)

d)

With the flatangleof-reposedevice in its collapsed positianslope was built at a given

arbitrary initial angle of the granular material its loosest densityASTM D425416,

2016a)

Then the automatic fleingleof-reposedevice wa turn on to tilt up the display very

slowly (i.e, 0.05 rpm) up to the vertical. A record on whether the slope collapses or remain
stable is taken at the end of each.test

I f the sl ope in the previous st elgtenslope.l aps e s
On the contrary, if the slope in the prev
repeated with a steeper slope

Finally, step Aco was repeated wuntid, cl osi
the limit) to an interval equal or less than 3°, see an illustration of this sequencé€&im the

3-6. The resultant angle of repose is finally adopted to be the aveetgeen the two

closets slopes found bounding the limit (estppes 5 and 6 iRig. 3-6) and the associated

deviation is adopted to be the half of the differendsvéen these to closets slopes (i.e.

SDO 9. 5
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Fig. 3-6 lllustrative sequence uséal approach thplanestraincritical statefriction angle by

means of thetaticangle of reposb =1 &psusing the automatittat-angleof-reposedevice

3.3.2.2Methodologyfor the measuremenof the plane-strain critical state

friction anglel @&psusing the flatdeviceusing funnetbased techniques

The techniques adopted to measuresthgicangle ofreposeb = | & psin silica sandweretwo:

one is known as thex funnel with fix basand the second is tleoving funnel with fix bas@hese

two techniques permit the accommodation of a pile of sand on which the direct measurement of
the angle of repge can be done (see nume2a.1.3. A funnel with a fixed base of 260 mm
diameter wasmplemented seeFig. 3-7. A linear actuator of 1500 N with autegulated linear

speed between 0 to 5.7 mm/s was used to rise the funnel at the same pace of the pile formation,
this as a measure to keepsa®rtas possible the free fall height or vertical distance between the

funnel and the peak of the pile. The previous with the aim of mitigating the potential additional
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momentum transferred to the particles. A small free fall he§i8tcm to 4 cm was contied
during themoving funnetests and a maximum free fall height of 13.1 cm was measured during
the fixed funneltest. After having the pile of sand, the measurement of the angle of repose was

doneby means o&n inclinometer of +/0.2 degrees accuracy.

Fig. 3-7 Fixed baseandmoving funneteviceafterasingletest onsilica sand

3.3.2.3Methodologyfor the measuremenbf the plane-strain constantvolume

friction anglel @& psusing theincline plane method

The inclined plane methqWosler, 2006)(ASTM D06 Committee, 200%yas adopted to measure
the sliding friction anglé & ps The automatic friction tester usiedthe present investigation (see
Fig. 3-8) rotates at a low speed (i.e., less than or equal to 1 rpm) to facilitate precise measurements.

This device was equipped widn infrared reflective sensor working as a photoelectric switch,
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calibrated to stop and save the angle read by an inclinometérZ%aAccuracy) at the point where

the upper block started to slide downward. This infrared reflective sensor was |oic@tein3

away from the upper block, which permitted a contactless satgpeed controller to facilitate

the initial leveling and a separate electric circuit serving as limiting switch were also added to

make the operation easier.

ilica sand 9 /27
-

infrared reflective

TN / sensor

lower block fixed

N / onto the table
N

inclinometer

cl—

Fig. 3-8 Friction tester during a single tilest for measuring sliding friction in silica sand.

The raw material used to cover the curved surface of the discs for the two artificial cohesionless
granular materials came in sheets facilitating the direct application of the inclined plane method.
For the natural sand, blocks of silica sand were faledcaising 3D printing or additive
manufacturing and covered with a circular tin of 36 mm of diameter and 3 mm HeptB9(a)

shows the final appearance and desigthe$e silica sand blocks. As can be sedrign3-9(b),
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this test approach mitigates any kind of dilation, because any two blocks are aligned to a common
tangent planeAs a result, the shear failure occurred tangentially at the grain contacts and parallel
to the shear force direction in a purely constaittime manner. To guarantee this condition, the
upper block was checked prior to the test to ensure that it wag &imdluniformly in contact with

the surface of the lower block; that is, the upper block did not wobble when pressed along the edge.
The detailedstepby-steptestprocedures describedn two partsin the following numeralthe

first part forsample preparation and the second part for thétsest

36 - loose upper
tin » block
Z |
S ]
35 Silica sand

direction of shearing T

fixed onto the
rotary table

1

<

Fig. 3-9 Blocks of silica sand: (a) front view of six actual blocks of silica sand prepared for

sliding friction test on a 1 cm 1 cm grid; (b) bbck dimensions in millimeters in lateral view.

3.3.2.3.1. First part: sample preparation fosilica sand

a) On a surface plate 229 mm width, 305 mm length, and 76 mm thicR (+/e m f | at ne s
spread a thin layer aflica sand conforming a circular area of 35 mm ohukéer

b) Then, apply spray adhesive on top of the previously extended layer of sand
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c) Then, spread a new thin layer of sand in such a way that it bonds to the previous layer by

d)

b)

means of the adhesive
Repeat st eps ,asbfdollowingda 30 prioing pradditive manufacturing

logic) until getting a total thickness of about 4.5 mm. Toward the end a metal tin of 36 mm

of diameter and 3 mm depth is adhered to preserve the integrity of the sand block and to

provide a reflective coating which is necegstor the appropriate performance of the
infrared reflective sensor used in the second paithe end, the sand block shall stick out
the edge of the metal tin by about 1.5 mm. See the final appearancsiliddlsand blocks

in theFig. 3-9.

3.3.2.3.2. First part: sample preparation for UHMW Polyethylene and P50

Sandpaper

On asurface plate 2 e m f |l atness) put a <circul ar
either from a sheet of UHMW Polyethylene or of FEhdpapefacing down against the
surface plate. Then, around this circular film put a waskefilm of 32 mm of internal
diameter and at least 50 mm of out diameter. This wditeefilm has a thicknss that
doubles the thickness of each circular film in such a way that this wilglditm works

like a filling to let the edge of the tin at least 1.5 mm behind the surface to be tested
Separately, fill a metal tin of 36 mm of diameter and 3 mm depthmelt wax €.g.,at
about 70 °C) until getting a convex wax surface sticking out the border of the metal tin

Then, take the tin full of melted wax up down, center it on the circular film prepared in the

~

f

steps Aao and Abo, amdutepuntdtheswaxdcoolsnut f or one
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d) Finally, lift the metal tin from the surface plate and clean out any remaining wax burr. See
the final appearance of the UHMW Polyethylene &% Sandpaper blocks in tHeg.

3-10(a) and (b).

()l | e () e [
Fig. 3-10 Blocks ofartificial materialson a grid Icmx 1 cm (a) UHMW polyethylene (b) P50

1 1

sandpaper

3.3.2.3.3. Second partfriction test

a) Place one of the blocks prepared in the first part and fix it on the platform of the friction
tester. Doble sideNanc-adhesive tape of 1 mm thickness was used to fix the block on the

table.
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b) Then, a second block is placed on top of the orelfon the friction tester in the previous
step. At this point the material to be tested on each of the two blocks must lay in contact
against each other.

c) Finally, the friction tester (sdeéig. 3-8) was turn on to rotate the previous assemblage of
blocks at a slow rate.€., less than or equal to 1 rpm) until the upper block begins to slide.
The initial movement of the upper block defines ithigal planestrain constat-volume
friction anglel é,ps By the time the upper block begins to sliti¢ 4 photeoptical sensor
automatically holds the reading from the inclinometer sensor to obtain the more precise

possible reading of the sliding friction.
3.3.3. Experimental Results

Table 3-6 summarizes the three experimental poirtsd(s | &py obtained these are the
averages and standard deviatio8B)( in degrees, of 27 single tests executed for each material.
Appendices ndE present video recordings of all the executed tests. These video recordings are
included to further illustrate the methodology behind data acquisition (see full description of the

methodology in the numeral3.2.

Type of granular material I ups[® (SD] I &ps[° (SD)
UHMW Polyethylene 20.06 (2.57) 14.5 (0.5)
Silica sand 33.46 (3.56) 36.5 (1.5)
P50sandpaper 62.59 (5.27) 78.5 (1.5)

Table3-6 Summary of experimental results fottical stateshear strength parameters
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For the silica sand, which is mostly quartz, the constalhume friction angle or interparticle

sliding friction angleis typically in the range 235° (Terzaghi et al., 1996 Moreover, for the
Toyoura silica sand, a consistent constadiime friction angle of 3233° has been measured
(Bolton, 1986) (Jamiolkowski etal., 2012) (Szypcio, 2017)consequently, the result of 33.46°
presented here appears plausibte.the Toyoura silica sand, a consistent plsin@ncritical state

friction angle of 3540° has been measured under a low confining pressurei §e.150 kN/n¥)

and loose conditio(iTatsuoka et al., 1986(Bolton, 1987) (Khosravi et al., 2013)herefore, the

result of 36.5° pesented here again seems plausiliés positive selevaluation of the results for

silica sand reflects the soundness of the techniques adopted in this study to measure these two

friction angles (i.e.l Gps| &p).

3.3.3.1Raw experimental results faihe plane-strain constantvolumefriction
anglel @yps

For each material.€., silica sand, P5@andpapeand UHMW polyethylene) three samples were
prepared, each of these samples consisting of two blocks. On each block three opposed directions
weremarked with the colors red, blue, and blaadk (three marks separated 22®m each other).

By combining these three directions between the two blocks results in nine different tests for each
sample. Given there are three samples for each mater@k$olhe total number of tests for each
material is 27.Table 3-7 shows the complete set of experimental results and\gipendix D
contains the video recording for each of the
color code:ficolor of the direction mark omlock A / color of the directon mark onblock B /

sample numbeér
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Test No. Name UHMW Silica sand (°)  P50sandpaper (°)

1 Red/Red/S1 21.74 29.65 68.89
2 Blue/Red/S1 23.41 36.10 57.96
3 Black/Red/S1  21.69 33.41 56.57
4 Red/Blue/S1 19.42 35.81 59.43
5 Blue/Blue/S1 22.70 32.71 59.80
6 Black/Blue/S1 17.78 35.94 59.64
7 Red/Black/S1  16.38 32.41 61.19
8 Blue/Black/S1 20.04 27.56 70.81
9 Black/Black/S1 17.31 33.21 65.44
10 Red/Red/S2 17.31 27.28 63.41
11 Blue/Red/S2 21.87 34.35 57.76
12 Black/Red/S2  19.08 35.97 66.97
13 Red/Blue/S2 23.02 29.79 73.64
14 Blue/Blue/S2 18.71 31.18 65.57
15 Black/Blue/S2  22.96 39.17 60.94
16 Red/Black/S2  23.44 34.38 66.18
17 Blue/Black/S2  23.88 39.27 68.30
18 Black/Black/S2 22.98 30.31 49.66
19 Red/Red/S3 16.47 40.02 64.93
20 Blue/Red/S3 20.14 36.45 60.50
21 Black/Red/S3  14.55 34.03 61.53
22 Red/Blue/S3 20.66 27.65 65.89
23 Blue/Blue/S3 18.94 30.82 67.09
24 Black/Blue/S3 19.34 37.90 65.24
25 Red/Black/S3  21.52 33.99 56.85
26 Blue/Black/S3  18.98 30.93 56.56
27 Black/Black/S3 17.28 33.19 59.23

Table3-7 Experimental results fgslanestrainconstanivolumefriction anglel &.ps=1 éon

UHMW Polyethylene materialsilica sandandP50sandpaper
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3.3.3.2Raw experimental results for thplane-strain critical statefriction angle
e
For each materiali.e., UHMW polyethyleneg silica sandand P50 sandpaper five tests were
required to bound a solution in the frame of théhradology explain in numer&l3.2.1 Fig. 3-11,
Fig. 3-12, Fig. 3-13 show the iterative sequence of tests leading a result for each material and the

Appendix Econtains the video recording sequence for each of the 15 tests.

stable _fallure ] e = result

Fig. 3-11 Experimental result for thglanestraincritical statefriction anglel & ps of artificial

particles coated with UHMVgolyethylene (se@ppendix B
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stable —_—fallure 0 e — - result

Fig. 3-12 Experimental result for thglanestraincritical statefriction anglel & ps of silica sand

(seeAppendix &

stable —_—fallure ] e - - result

Fig. 3-13 Experimental result for the critical state friction aniglé; s of artificial particles

coated with P5@andpapefAppendix
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3.3.4. Discussion on the role of the energy of placement based on the analysis of

own experimental Results

The momentum commonly added during the measurement of the angle of repose using classical
techniques (see numeral3.2 is problematicbecauset introduces variability of what it is
expected to be a deterministic soil parameter. Thieeafgepose measured under this condition

of added momentum is always lower thangdtaicangle of reposé that equals thplanestrain

critical statefriction anglel éps Experimental research was conducted here to support this
discussionFig. 3-14includes three experimental points and based on these a conceptual trend was
drawn as indicated with the dashed line included in this figure. The firstgpprmaches an energy

of accommodation equal to zero. This point of nil added momeatlrares tahe methodology
presentedn the numeraB.3.2.1andwas taken fronTable3-6. The second point was determined
using thdixed basendfixed funnetechnique where the energy of accommodation was equivalent

to a free fallheight of 12.2 cmsee Table 3-8 and the corresponding video recording in the
Appendix FAnd the third point wasletermined using thiéxed baseandmoving funnetechnique

where the energy of accommodation was equivalent to a free fall height of 3Beciirgble 3-8

and the correspualing video recording in th&ppendix F

The conceptual trendbserved inFig. 3-14 supports the followinghe definition for theplane

strain critical statefriction angle developed by a pile of sand or by a sedimertaryon of
normally consolidated youngphesionless gralar soil The staticangle of repose is the steepest
freestanding angle a pile of loose granular material can hold given an energy of particle

accommodation equal to zero
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Test No. b from the fixed base and fixed b from the fixed base and

1 33.98 34.70
2 32.44 34.33
3 34.57 35.03
4 33.28 34.05
5 33.70 34.66
Average (SD): 33.59 (0.80) 34.55 (0.38)

Table3-8 Experimental results for the angle of repbaesing the fixed base and funnel device

onsilica sand (seé\ppendix F.

S B =
L]

energy of particle accommodation
in height of free fall (cm)

<o Nk N o
®

33.5 34 34.5 35 355 36 36.5 37
angle of repose, /5 (°)

(¥ ]
(8]

Fig. 3-14 Conceptuatrendbetween the energy of particle accommodation and the angle of

reposeb from the experimental results ailica sand(seeTable3-8 and numeraB.3.3.2.
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3.4. Experimental investigationfor the at-rest lateral earth pressure incorporated with
the overconsolidation ratioOCR

3.4.1. General

The OCR parameter in cohesionless soilkreown to bebounded bythe relative density: or
porosityn of the cohesionless soil depogtresent experimental investigation limits the study to
the densities yielded in silica sand by theo known Proctorenergies of compaction, this is

because these tvaasesare the most widely use in backfills behind reteg wall.
3.4.2. Methodology ofthe experimental tess for lateral stress measurement

A sensing ring built from a standard 40 (101.
load were developed to measure the lateral stress transmitted by a normal stress acting through
different samples ddilica sand, se€ig. 3-15. Numeral3.2 provides the physical properties of the

slica sand selected for present studyeThist objective was to obtain a series of experimental

results for theko and Ko.oc for a noncompacted sample. The second objective was to obtain a
series of experimental results for thke and Ko.oc for the two given standard energies of
compaction, namely: the standard Proctor energy 591.3 k8&TM D698-12e2, 2012and the

modified Proctor energy 2696.0 kF(ASTM D155%12e1, 2012and an additional intermediate

energy noted as the reduaeddified Proctor energy308.8kJ/n?.

The setup uses a 40 Idthat@abfor@s torthe)starddadsSSTM 0698 ¢ a | m o
12e2, 2012pnd(ASTM D155%12el, 2012)Three pressure transducers (i.e.;$ST) were
mounted on the inner side of the mold spaced 120° from eaehasthndicated ifig. 3-16. The

surcharge was transferred onto the soil sample by means of a steel piston and dead weights. Then,
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the lateral stress transferred through the soil transduces into a voltage outpuikighas finally

read in a datalogger. Each sensor has its own separate circuit to collect three independent results
per readingTable 3-9 presents the testing progra®even points oOCRwere reached for the
standard Proctor energy, five for the modified Proctor enaigyor the reducenhodified Proctor
energyand six for the norwompacted sand/arious levels oOCRwere reached on each of these

three samples fallwing the procedurdescribed in the next numeral.

Experiment/Test Energy Qty. Targeted Standard

(kd/m3) variable
atrest coefficient of lateral 591.3 7 Ko-oc (ASTM D69812e2, 2012)
earth pressure on soil using 2696.0 5 (ASTM D155%12e1, 2012)
an instrument 1308.8 6
CBR mold and surcharge  Nore 6 Ko, Kooc  (ASTM D425416, 2016b)
Porosity ' N/A 4 n

Table3-9 Summary of experimental research program for earth presssiliearsand
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Fig. 3-15 Experimental setup to measure lateral stresed@aeptual sketch; and (b) actual

setup
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Fig. 3-16 Dimensions of the pressure cell in millimetres: (a) plan view; and (b) sect® A
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3.4.2.1Methodology of measurement forgkand Ko.oc

Three samples were testeohd various levels dDCRwere reach on each one by following the

next procedure:

a) Place and level off a layer of looskca sand to target a compacted layer of 39 mm or 22.5
mm thick according to the case. The sandavapped no more than 13 mm this to guaranty
an initial loosest statas suggested (ASTM D425416, 2016a)
b) After placement compact the sample as specified for the standaleatsid Aas per
(ASTM D698 12e2, 2012Jor the standard Proctor energy and aJASTM D1557%12e1l,
2012)f or t he modi fied Proctor end@ébgyt ol comipé e
a compacted thickness of 45 mho reach the reduced modified Proctor energy a reduced
number of blows was used (i.e., 11 blowsperlayehd.i s st ep fAbd was omi:t
compacted sample
c) Then, the total surchargsas transferred do the sampleThis maximum surcharge
consisted of 19.88 kg for tistandard Proctoenergy and the nenompacted samplé5.35
kg for the reduced modified Proctor energgd 10.77 kg for thenodified Proctorenergy
test.
d) After 24 h, follows the unloadingcrements, each with a duration of at least 24 h or until

a steady output signal was recorded. Outputs are registered at the end of each increment
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3.4.2.2Calibration

Two calibrated aneroid manometers-(Mmm Hg accuracy) were used for the calibration oheac

of the three pressure sensdfgy. 3-17 shows a point of calibration for the sensor PSR#3 at the
specific pressure of 130 mm Hge(, 17.33 kPa) as illustration of this procedure. The range of
calibration is from 50 mm Hg to 130 mm Hg in incremental steps of SHgnaccordingly, 17

points of calibration were executed for each sensor. Each point of calibration is composed by a

known apjied pressure (read in mm Hg) versus its corresponding voltage output (read in Volts).

Fig. 3-17 Calibration of the sensor PSR # 3. From left to right appears the datalogger, the two

aneroid manometers ancetpressure cell
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The data collected in this way is presentedable3-10 for each of the sensors. Then, these data
were fitted to obtain a functioro tconvert the voltage read in the datalogger into a horizontal
pressure in kPa. The process of correlation using the function for each sensor involves a relative
error of +f 2%.Fig. 3-18, Fig. 3-19 andFig. 3-20 show the correlation function for each sensor in

the pressure cell.

Pressure applied by aneroid Corresponding output voltage read in datalogge(V)
mm Hg kPa PSR#1 PSR#1 PSR # 3
50 6.67 1.41 1.47 1.52

55 7.33 1.95 1.93 1.96

60 8.00 2.34 2.46 2.39

65 8.67 2.73 2.87 2.74

70 9.33 3.04 3.17 3.07

75 10.00 3.30 3.36 3.37

80 10.67 3.50 3.49 3.51

85 11.33 3.64 3.62 3.66

90 12.00 3.76 3.73 3.80

95 12.67 3.89 3.86 3.92
100 13.33 3.99 3.96 4.03
105 14.00 4.10 4.03 4.13
110 14.67 4.15 4.10 4.18
115 15.33 4.21 4.16 4.21
120 16.00 4.27 4.21 4.26
125 16.67 4.31 4.27 4.30
130 17.33 4.35 4.32 4.33

Table3-10 Data collected for the calibration of each pressure sensor
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Fig. 3-18 Correlation fit between voltage and horizontal pressure for the sensor PSR # 1
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Fig. 3-19 Correlation fit between voltage and horizontal pressure for the sensor PSR # 2
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Fig. 3-20 Correlation fit between voltage and horizontal pressure for the sensor PSR # 3

3.4.1. Experimental results

The experimental results can be presented in two parts, the first includes the model parameters for
the four samples of silica samdter placeanentin the pressure cellub before loading and the
second part includes the results for lateral earth pressure after loading and unloading. The first set
of results is summarized in tAable3-11. The plastic volumetric strain ratgpowasadoptedrom

the existing data set for this sasiea sandHanna and Diab, 201,/Hanna, 2001)see numeral

3.2 The weight, height, volume, dry unit weight initial porosityncsandand the initial relative

density of eaclsand sampl®:csandare direct laboratory measurements. Then and to correlate
with present theoretical model, a relative poroséyand its corresponding model critical porosity
Nc,modeiwerecomputed for each sample [i.e., by applying.Ed4-21) and(4-22)]. Then, the plane

straincritical statefriction anglel & pawasdetermined with Eq4-11) to satisfy thenodel critical
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porositynemodelOf €ach silica sand sampkénally, the planestrain constartvolume friction angle
I @& .pswas determined replacirig & sin Eq.(4-9) andthe associated atest coefficient of lateral
earth pressure was determined by applying these strength parameteréid)EGhe Appendix

G presents alpreviouscomputationsn an Excel spreadsheeted.

Table3-12 presents the experimental results for the-oompacted sampl&he first line inTable

3-12 corresponds to the normally consolidated condisiod the rest of lineepresena different
independent unload stepable3-13, Table3-14 andTable3-15 present the experimental results

for each of the three compacted sampldw first line these table®rresponds to theaximum
applied surchargand the rest of lineepresena differentindependent unload step. The outputs
are presented iolts which is the original signal as given by the datalogger as well as their
corresponding horizontal stresses in kPa after correlating with the corresponding calibration
functions, se@reviousnumeal 3.4.2.2 For all the caseshé overconsolidated-agst coefficient

of lateral earth pressuik.oc was computed as the ratio between #iveragehorizontal stress

given by the pressure sensors and the known applied verticali&itess
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Energy Weight Height Volume ‘g4 Nesand  Ner Nemodel Dresand [ q Lps q &ps Ko
(kdIim3)  (gr) (m  (10*m3 (kN/m?) (%) (%) (%) () @)

N/A 524.41 0.040 3.24 15.86 38.28 0.598 34.66 64.63 0.97605 36.740 33.562 0.444
590 517.52 0.039 316 16.05 3753 0.659 33.34 70.36 0.97641 38.236 34.298 0.433
1346 556.57 0.041 3.32 16.42 36.09 0.776 30.81 80.94 0.97707 40.821 35.540 0.413
2787 636.05 0.045 3.65 17.10 33.46 0.990 26.17 99.16 0.97822 44.829 37.420 0.385

Table3-11 Model propertiesfor thefour samples osilica sand
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O A

udo  voltage from datalogger (V) 0 (kPa) Kooc OCR

(kPa) PSR#1 PSR#2 PSR#3 PSR#1 PSR# PSR#3

24.06 3.49 3.49 3.48 10.61 10.57 10.40 0.438 1.000

21.31 3.33 3.33 3.34 10.09 9.94 10.00 0.470 1.129

18.57 2.90 3.13 3.12 9.09 9.32 9.51 0.501 1.295

15.77 2.63 2.62 2.63 8.57 8.27 8.58 0.537 1.525

13.03 2.25 2.24 2.25 7.82 7.71 7.76 0.596 1.846

10.07 1.45 1.44 1.46 6.69 6.65 6.77 0.666 2.390

Table3-12 Experimental results fahe noncompactedilica sandsample

O A

ud,o voltage from datalogger (V) aa, (kPa) Ko-oc

(kPa) PSR#1 PSR#2 PSR#3 PSR#1 PSR#2 PSR#3

2406 442 4.39 4.42 18.10 18.23 18.41 0.758
2131 434 4.32 4.29 16.98 17.28 16.39 0.72
18.57 4.18 4.18 4.15 15.08 1561 14.65 0.814
15.77  3.89 4.14 4.05 12.60 15.18 13.64 0.876
13.03 3.76 3.77 3.76 11.81 12.09 11.5/ 0.907
10.07 2.90 3.23 3.22 9.09 9.61 9.72 0.941
7.38 1.76 2.29 2.40 6.95 7.78 8.09 1.031

Table3-13 Experimental results fagilica sand compacted under the standard Proctor energy
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O A

ubo voltage from datalogger (V) 0'n (kPa) Ko-oc

(kPa) PSR#1 PSR#2 PSR#3 PSR#1 PSR#2 PSR#3

18.570 4.42 441 4.42 18.10 18.51 18.41 0.988
15.771 4.30 4.29 4.29 16.46 16.90 16.39 1.052
13.028 4.13 4.14 4.15 14.57 15.18 14.65 1.136
10.065 3.78 3.79 3.77 11.92 12.22 11. 1.184

7377 3.35 3.36 3.34 10.15 10.05 10.00 1.365

4470 2.49 2.47 2.46 8.30 8.03 8.22 1.831

Table3-14 Experimental results failica sand compacted under tregluced modifiedProctor

energy

0o  voltage from datalogger (V) aa, (kPa) Ko-oc

(kPa) PSR#1 PSR#2 PSR#3 PSR#1 PSR#2 PSR#3

13.03 4.54 4.53 4.53 20.04 2035 20.46 1.557

10.07 4.40 4.41 4.40 1781 18.51 18.07 1.800

7.38 4.19 4.18 4.17 15.18 15.61 14.88 2.063

447 4.02 3.98 4.02 13.58 13.6% 13.37 3.028

1.73 3.66 3.64 3.67 1130 11.31 11.12 6.501

Table3-15 Experimental results failica sand compacted under the modified Proctor energy
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Chapter 4: A Critical State Soil MechanicsPlane Strain Model for Cohesionlesssoils:
Derivation and Verification

4.1.General

Present research adheres to the gepstablished concept indicating thaestaticangle of repose
b for sedimentary, normally consolidated young matemgjgalsthe planestrain critical state
friction anglel &ps (Lambe and Whitman, 1969(Terzaghi et al., 1996, p. 1Q4Cornforth,

1973) (Santamarina and Cho, 200{adrekarimi and Olson, 2011jowever, this definition

does not precise what the angle of repgsed® itself.

During the pile formation in the context of a static angle of repose ltegitdcess of placement

occurs under the influence of gravity and is controlled by the frictional contact between the
particlesandthe structural interferencé/Vhenthe granular media stabilizes the strains become
zero and the gravitational and horizontal stresses become principal stresses. This effective stress
state is knowro bethe atrest conditiordefine ako = 0 0 \0 From this igpossible to posithe
staticangle of repose is a buttress naturally formed to counteract-thstkteralearth pressure.
Therefore, it is reasonable to assert that thesttateralearth pressure is a function of thtatic

angle of reposePresenthapterprovidesa theoretical derivation to p#b in termsof b= 1 & ps

andpresentshe correspondingxperimentaproof.

4.2. A new theoretical model for critical state

4.2.1. General definition

Retaining walls are longitudinal structures where relevant strain occurs within the plane normal to

the wall and strain out of this planevistually zero. This means the strestsain behavior in the
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backfill material can be treated as a plat@in twedimensional problem. In short, the herein
proposedheoreticalconstitutive model for granular matesait critical state can be sieribedas

a two-dimensional, plane strain, nonlineanicromechanical model
4.2.1.1Selection of the micromechanics technique

Most constitutive soil models are formulated in freradigm of continuumTheir development

has been based on laboratory test results on a given sample of soil which is treated as a solid unit
asit is done for othenon-granulammaterials like steel or corete. Accordingly, these models read

the soil behavior by means of interpreg,ing di
strains, stresses, pore water pressure, among others). However, granular soil is an assemblage of
discrete solid particlesThis diametric difference between tharadigm of continuunusually

adopted in the state of the amd the actual nature of soil is an obstacle for the fundamental
understanding of soil behavior. Viewing this problem, present research proposes the development

of atheoreticaimodel based on micromechanicaanalysis Micromechanicatechniques permit

the analysis of soil athe particlescale level where interparticle interactions govern the

macroscopic soil behavior, see numexal.2

4.2.2. New theoretical derivation for the relationship or flow rule betweenthe
plane-strain critical state friction angle I & psand the planestrain constant

volumefriction angle T &ps

The theoretical model developed in the pres@undyconsists of a pile of circular particles of the
same unitary diametdhat corresponds to the plane view of a packing of uniform sphases

shown inFig. 4-1(a). Theplacement process occurs only under the gravitational force exerted by
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the selfweight of the particlesThus the mass deforms from the loosest possible arrangement

(e.g., stacked) to a more compact condition at the end of th&takilization processyimeans of

the interparticle mechanism, as illustratedrig. 4-1( b ) . The col mnnt ehdparod
penetrate the alreagyettled material by moving the row oap t imol esowiar d t he | e
cannot move toward the right due to the axial symmetry of the pile. Furthermore, parallel radial
planes of particles are falling and slipping simultaneoaslyordingly there is no relative velocity

between adjacent gmhes of particledn other words, during the placement process, the lateral
friction is zero and consequently a Hateral constraint is considered (i.e., the piatrain

condition). Finally, when this mechanism sstébilizes and deformation ceasds tolumn of

particlesm will have penetrated a vertical distarsg causing the row of particlasto slip a

horizontal distances.

symm. initial form —— final form
Fuy |
K m.) N ~ 60°
[ ]
° 1
Y
;\ I
y i ) ;\'
,/ w
Fa\ M

(a) ®

Fig. 4-1 Sketch of the theoretical model for the angle of reposéefta)alf of a pile of particles;

(b) deformation mechanism of the unitary pack of particles
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This model makes the following assumptions:

a)

b)

c)

d)

f)

g9)

The model is in a normally consolidated condition
During deformation, particles can only slide (i.e., rollfrigtion equal to zerd, &= 0);

The individual circular particles remain solid (i.e., no crushing octuéss 0) and do not

contribute to any elastic response toward deformdtien C >> Cs);

The angle of repose is independent of scale;

The particle size is small compared with the scale of theset

The angle of friction along the pile base is the same as the angle of interparticle sliding
friction I & and,

Deformation occurs with plaiatrain symmetry; consequently, the planedelon Fig. 1(b)

refers to a slice of unitary thickness.

To conform to the law of conservation of energy, this interparticle deformation mechanism must

exhibit a work equilibriumat the final stage in criticaltate therefore, thectingwork produced

by the gravitational force transforms ima@activework done by the frictional resisting force, which

can be expressdiy Eq.(4-1).

0Y 0¥ (4-1)
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The vertical penetration of colunm, namedsy, and the horizontal slip of rom; nameds, can
be derived from the geometry of the model givefim 4-1(b) resulting inthe expression@l-2)
and(4-3), respectively.

Yy ORit OEI (4-2)

y Al0 Alg (4-3)
The frictional resisting forcEs developed during the slip of romis givenby Eq. (4-4).

O @ XN DATEp (4-4)
whered is the diameter of a single particle (i.@5 1); 2is thedry unit weight of the particulate
assemblage; and the indiexccounts for the number of particles in mowl he gravitational force
Fw developed by the mass of columms definedby Eq.(4-5).

0 W XD (4-5)
wherej is the number of particles in columm

Substitutingegs.(4-2) to (4-5) in Eqg. (4-1) yields Eq. (4-6):

@ XN DATap DATIO Al ¢dt
(4-6)
X Pp O0HIa ORI

Fromthe pilescale modeshown inFig. 4-1(a) the angle of repogeis define by Eq.(4-7).
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A . Q
= 4-7
OAT o (4-7)
SubstitutingEq. (4-7) into Eq.(4-6) and settingJ= b andd = 1, the final state of equilibrium can

be expressd asn Eq. (4-8).

(4-8)

Equation(4-8) defines the angle of repoBas a unique function of the angle of interparticle sliding
friction I @ Furthermore, it presents a more general definition in tefrbe initial internal

friction versughedeveloped boundary frictiothus,Eq. (4-8) can be rewritten as Eq.(4-9).

OEpit JOEA 65
Al D6y Al

Qu

OA1

O
>\
(2 )
Qu
¢

F| (4-9)

Where the initial internal friction in the pile of granular material standing at rest corresponds to
the planestrain constamtolume friction anglel = 1 é,s In the normally consolidated
condition, this corresponds to the plasteaincritical statefriction angleb =1 & ps(Lambe and
Whitman, 1969)(Terzaghi et al., 1996, p. 104 ornforth, 1973)(Santamarina and Cho, 2001)
(Sadrekarimi and Olson, 2011Jhe present analyticdl & psis a friction angle that can be
determined in the laboratory by the constasiume RS tes{Sadrekarimi and Olson, 201)
undrained TxC shear test. The present analytic@lps also reérred to in the literature as the

planestrain friction angld @ is a friction angle that can be determined in the laboratory by

techniques such as the RS tESadrekarimi and Olson, 2011he largedisplacement DS test
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(Lings and Dietz, 2004}he planestrain biaxialtest(Alshibli et al., 2004 )r the static angle of

A

repose as done in present study for the particular caseivtd, ps=1 6.

It should be notethat Eq.(4-9) includes the planstrain angle of pushing or rearrangemiergips

as an implicit value. In other words,§psis a function of the initial stafle é,ps This implies that,

knownthe initial statel é,ps the ultimate staté & pscan be directly determined from Eg-9)
andaccordingly] $pscan be obtained fromE@-4. Currently, ba(Ramvd, on RO
1962) (Rowe, 1969)the most widely used expression for the platrain critical stateshear

strength for cohesionless soilshe Eq.(4-10).

OE46; OE
p OE4

2 &
(4-10)
r OEDd G

Qu

O\
m\
DNy
Qu
=
Qu

Equation(4-10) containd @psas an independent variable; consequently, the proposed expression

in EqQ.(4-9) reduces the number of unknowamscompared with the widely used expression in Eq.
(4-10). Thus Fig.4-2illustrates Eq(4-9)a | ongs i d e (4RO WE4L2, tHegamé &, ps

andl @psvalues used to plot E¢4-9) were used as the input parameters of (Bel0). As the

values forl & psobtained fromR o we 0 s arerklatively lpwer than the values produced by

the present theonespecially foi épsv al ues above 30A, RIlywsaisfys Eq.

the conceptual expression of E&-4).
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—Eq. (4-9)
- - -Rowe 1969
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plane-strain constant-volume friction angle, @, . (°)

Fig. 4-2 Planestraincritical statefriction anglel & psversus initialplanestrainconstarvolume

friction anglel &ps

From previous analysis islearthe fact that thestatic angle of repose is not the sam® the

interparticle slidingriction angleas evidenced by the equality lineRiyg. 4-2.

The Fig. 4-3 presents the three experimental poirtsé(ps | é,p9 determined for the three
materials, along wittheflow rule Eq.(4-9). There is a good agreement between the present theory

and our experimental measurements.
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s —Eq. (4-9)

0 equality line
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plane-strain constant-volume friction angle, @, (°)

Fig. 4-3 Present experimental results for silica sand, UHMW polyethylene, and P50 sandpaper

compared with present thearyEqg. (4-9).

4.2.2.1Validation of presentflow rule Eq. (4-9) using empirical existingdata

(Sadrekarimi and Olson, 201ihvestigated yield and critical state friction angles of sands using
triaxial compression and ring shear tests ofpalvinatedand moisttamped specimmes of three
different sands. The sands under observattere Ottawa 20/40 (OT), lllinois River (IR) and

Mississippi River (MR).From their resultgor thering shear testshey found thaundersmall
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confining stressesY 0 kPa), the constawblume fricion angle@ay is approximately32e 36e
and 3&in OT, IR, and MRsandsrespectively These authors refer to this angle asctitecal state
friction angle without particle crushing and identify it with the notatéds o where the sub index
MO0 stands f or emushedisandSadrekaami dnd Olson, 2Alh figs.-ib} On
the other sideynderlarger confining stresse¥ ( 800 kPa) the developgolanestrain const
volume frictionangle of shearing resistanasymptotically stabilizein 31¢ 33and 34in OT,
IR and MR sandgespectively see (Sadrekarimi and Olson, 2011, figs. -t} This last
measureentobtainedafter large confining pressurand shear strainorresponds tohe steady
internal friction angléda. Accordingly, it is possible positivedirect verification of thegresent

expressior{4-9) for each of thesthree sandas presented in thiable4-1.

Sand type Ring shear test resultsaccording  Angle of repose according
to (Sadrekarimi and Olson, 2011) to Eq. (4-9)

I @ps( ©) I 8(e) b( &) apsl 9
Ottawa 20/40 (OT) 32 31 31.80
lllinois River (IR) 36 33 35.61
Mississippi River (MR) 38 34 37.62

Table4-1 Flow rule resultsfrom Eq.(4-9) versusresultsfrom (Sadrekarimi and Olson, 2011)

In theFig. 4-2 (numeral4.2.2), presenflow rule was compared witR 0 w esémsempiricalflow
rule. In generalthe differences of Eq4-9) compared to othdtow rulesfor cohesionless soila

the range of natural sands is relatively small Sge4-4); however, it is important to notice that
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present Eq(4-9) is the product a fully theoretical derivatitor the specific planstrain condition
that reduces the number of unknowns by one making the solution dedeeministicwhich
permits a moreampleapplication andunderstanding fothe behavior ofsand as demonstratéed
manyinstances along present studye Table4-2 comparedlow rulesincluding the present to

highlight the reduction in the number of unknowns explained before.

60
——Egq. (4-9)

C%; 55 - - - Rowe (1962, 1969) :
iy ol ~ Bolton (1986) -
) — — Taylor (1948) _ -
2 -
<
= 45
2
S
g 40
g
=
Z 35
2
=]
=
= 30

25

-5 0 5 10 15

dilation angle, y (°)

Fig. 4-4 Otherflow rulescompared with present thearyEq. (4-9).
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Author Flow rule Variables

Present study in

A n s . ... OHRInJOEZ & e v s
OAz 0y OA1 0 ——— — z 0 he Of
Eq.(4-9) Al O8; AlgdnJd
Rowe, 1962 o OE4 6 OEZ § e .
( ) O E4 oy ,,Ah: ,,AQL z O hz O Iz G
(Rowe, 1969) p OEZd68; J0VED G

(Bolton, 1986) z 05 z 0, TR &

(Taylor, 1948) OA1 & OA1 & OA1 §

Table4-2 Otherflow rulescompared with present thedryEg. (4-9).

Finally, for the sake of comparison, is important to notice that the notation for friction angle may
differsbetween authorsevertheless, the conditions at which those friction angles were originally
determined or stablished permits fitlanslatio betveen notations. In the research according to
(Rowe, 1969)for instance: the developed frictidbngs corresponds with the presentés ps the
constanvolume friction anglel & corresponds with the presehté,ps and the dilatancy
corresponds with the preseintfps In the research developed fyings and Dietz, 2004)for
instance: the developed plas&ain friction angld s corresponds with the presentés ps the
critical state (plane strain) friction andle@i: corresponds with the presént, ps and the dilation

angley corresponds with the presentfps In the empirical research aftéBolton, 1986) for
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instance: the maximum frictidn @axcorresponds with the presénts ps the critical frictionl &
correspads with the preserit é,p5 and the dilatancy terd . &qfresponds with the present
I fps In the research according ¢atkinson, 1973) for instance: the mobilized frictioh @ob
corresponds with the preselit &ps the planestrain constarvolume friction anglel &

corresponds with the presdntd, ps and the dilationmg | e y corr espolnggss wi t h

4.2.3. Porosity
According to the present partiebeale model(i.e., a packing of uniform sphereshhe
corresponding analytical porosity @itical statefailure nc can be computed from the geometry
shown inFig. 4-1(b) when the auxiliary pile angldreaches equilibrium; that isl= I & ps
Equationg4-11) and(4-12) provide thecritical porosityncf or t he iln@p®Or ydIAs ad A
454 60 90A, r Sisiarly,Equationg4-1B) and(4-14) provide thenitial porosity
nf or the i(iinGip®Or M&HlAs alh@hsG@ DO AQO r ;mggneattheiporasityy .
in the assemblage of particles ranges from a minimum pespirosity nmin = 25.95%,
corresponding to tetrahedral packing, to a maximum possible porosity = 47.64%,
corresponding to a simple cubic packiftpreover, dense sands can dilate and become loose upon

shearingand vice versahis cyclecan bebetterappreciated irfrig. 4-5.

YOEbTIZ & ¢

o ] (4-11)
YO EDTIZ Of
. T,
; YPEA% 5 (412)
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W0 EZ 8
vy Simple cubic (loosest)
n—=47.64%
D, = 0%
D' p— 90° Cubic tetrahedral

ne—=39.54%

(YY) Dy 45.74%
T _ ) @'(J,ps: 60°
. . ~., Tetrahedral (densest)
G

ne= 25.95%
D, = 100%
@', = 45°

- OOy
AN Cubic tetrahedral
\ n=39.54%
D, = 4574%
Q,ﬂ‘p&: 30°

Simple cubic (loosest)
ne— 47.64%
D= 0%
@f

cs.ps

Fig. 4-5 Cycle of porosity or relative densiigvolvedby Eqs.(4-11) to (4-14).

Given he porosity of the packing, it is possiliento identify the zones ifig. 4-6, where dilative

and contractive behaviors occur, as determined by the threshold poges@®.54%, along with

the collapsible zonfr the critical porosityne* = 43.61°wherethe pore pressure becomes positive
according to Eq(4-20). Moreover, this porosity* corresponds to a theoretidalés ps= 21.8°
which consequentlybecomesthe minimum shear strength attainable by the shear failure

mechanism in cohesionlessisoThis value can be determined fréfig. 4-8, which presentshe

118



pore pressure coefficiemics psof Eq. (4-20) versusthe planestrain critical statefriction angle
I & psof Eq.(4-9). The value at whicksps= Ois the point where the pore pressure coefficient

Acs psbecomes positive and where the rislcollapse during loading becomes critical.

90 == contractive S]'mple cubic——=

dilative
[Z77] collapsible

o
o

-
=]

=)
o

cubical-tetrahedral

tetrahedral

L
o
1

I
=

V%]
o

—————— cubical-tetrahedral

o
=

ey

—Eq. (4-9) vs. Egs. (4-11) 1 ”f i

—_
am]

plane-strain critical-state friction angle, @ s (°)

and (4-12)
0 simple cubic =
24% 26% 28% 30% 32% 34% 36% 38% 40% 42% 44% 46% 48%

porosity at plane-strain critical-state failure, 7,

Fig. 4-6 Developed planstraincritical statefriction anglel & psversus theritical stateporosity

ne, annotated with three distinctive behaviors: contractive, dilative, and collapsible.

4.2.4. Pore pressure coefficient
The geometrical interference at constant volume or the {3fam angle of pushing or
rearrangemerit psis the only parameter with the potential to mobilize either additional internal

effective friction at failure (i.el, ép9 or pore water presseiat failure under undrained shearing.
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Thus and by analogy with E@2-4), it is possible to define the pore pressure expression given in
Eq.(4-15); however, considering that dilation appegaositivein Eq.(2-4), it is necessary to apply

the negtive sign in Eq.(4-15) to be consistent with the corresponding negative pore pressures.
Under the undrained condition, the coefficient of pore pressure atgtiamecritical statefailure,
denoted here &&sps can be defined as the sum of the coefficient of pore pressure accounting for
the geometrical interferencdy ps and the saalled intrinsic or steady pore pressure coefficient
Acvps SeeEq. (4-15). The intrinsic or steady pore pressure coefficlngsis the pore pressure
corresponding tthenormalcompressive stresmly without the influence of shear, whichmes

from the theory of elasticity and was afs@sented and discussed 8kempton, 1954{p be 1/3.

0 & 0 | 0 f (4-15)

The effective shear strength developed at failure is the &artiee total stress framework as well

as for the effective stress framewadgiven by Eg. (4-16) and(4-17), respectivelyConsidering

that the shear strength of soils antrolled by the effective stress, regardless of whether failure
occurs under drained or undrained conditions; consequently, the shear strength parameters used in
Egs.(4-16) and(4-17) correspond to effective parameters. However, in the total stress analysis,
i.e. Eq.(4-16), the pore pressures are not subtracted from the total stresses because the shear
strength parameter is related to the undrained condition; tHa®igs In the effective stress
analysis, e. Eq.(4-17), the shear strength parameter is related to the drained condition; that is,

| é)s,,ps

Ytee Y, DA

N
Qu
5¢

(4-16)
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Qu

Yie Y, A1 8; (4-17)
By equating Egs(4-16) and (4-17) and substituting the value gbuas a function of the pore

pressure coefficiery ps we obtain Eq(4-18). Rearranging for the pore pressure coeffichyys

yields Eq.(4-19):

Y, 20 A1 6; Y,ee 6 0V, Y, DA1Z & (4-18)
OA1z & OAz &;

OFI A AL = A AL = (4-19)
OA% 8, DAL 5y

Furthermoresubstituting Eq(4-19) andAcv ps= 1/3 into Eq(4-15) yields Eq.(4-20) for the pore

pressure coefficient of plarstraincritical stateshear failureAcs ps

(4-20)

4.2.4.1Validation of the pore pressure coefficient£ysas given by present

expression4-20)

(Bjerrum et al., 1961)leveloped a series dfained and undrainddaxial tests in a fineiniform
naturalquartz sangomposedy well-roundedand polishegbarticles The uniformity of that sand
plus the welrounded andbolish character of its particlaonstitutesa granularmaterial that
naturally coincides withthe characteristics of théerein defined theoretical assemblage of

spherical particles (see numedal.?; as a consequendhe experimental results frorfBjerrum
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et al., 1961)holds directpositive comparison with present theowithout the need of porosity

correlations as indicated iumeral4.2.5

In the contexbf the pore pressure coefficie(Bjerrum et al., 1961fpund experimentally that the
turning point between negative and positive pore pressure is at a posdsityi4% observed in

the range of very loose sandss explained beforehe present analyticanodel in Eq. (4-20)
provides virtually the same critical porosity found experimentally; in fact, an exact theoretical
figure for this porosity ofic* = 43.61% can beomputed. This neat agreemshbwn inFig. 4-7

is a further demonstration of the capacity of present model to capture the fundamental frictional
behavior ofgranular so#in critical stateMoreover, according t@Mittal, 1963)fiThe \alue of the

pore pressure parameter At failure, in plane strair(i.e., the same annotated @sj, iin the
present Thesisis definitely greater than that for the corresponding conventional triaxiad test

which further confirms the present result.
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undrained Bjerrum et al. (1961, Fig. 5)
undrained trend Bjerrum et al. (1961, Fig. 5)
—Eq. (4-20) vs Egs.(4-11) and (4-12)
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n,* = 43.61%
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plane-strain critical-state pore pressure
coefficient at failure , 4 ,;

1
o
N

36% 37% 38% 39% 40% 41% 42% 43% 44% 45% 46% 47% 48% 49% 50%
porosity at plane-strain critical-state failure, 7,

Fig. 4-7 Pore pressure coefficieAts psat planestraincritical stateshear failure given by Eq.

(4-20) compared with experimental results adopted f(Bjerrum et al., 1961, fig. 5)

Soil looser than this critical porosity* = 43.61% correspond to very loose soil under imminent

risk of collapsedue to the substantial ir@ase in pore pressure and loss of strength that could
eventually result in liquefactiofseeFig. 4-6), notice the asymptotic grow toward positive infinite

over this citical porosity orl &ps< 2 1 .Fig.d-8. This same critical porosity* & 44 % wa's
suggested as well by the experiments developd€hgtro, 1969)n his study on liquefaction of
sands. The critical porosity according to this author occurred in a relative density of 20% to 30%

for low confining pressurei.€., up to 10 kPa). And present theory agrees waeth vthis
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experimental result given that for there determinetheoretical critical porosityig* = 43.61%

the relative density is 24.4%.

25 i
f
20
collapsible |
15 potential
zone <—

Ln

21.8°

—Eq. (4-9) vs. Eq. (4-20)

plane-strain critical-state pore pressure
coefficient at failure, 4
o
S

0 10 20 30 40 50 60 70 80 90
plane-strain critical-state friction angle, @, ,; (°)
Fig. 4-8 Present pore pressure coefficidat psversus itsorrespondingplanestraincritical state

friction angle@as ps

(Bjerrum et al., 1961additionally stated thdt Anot her characteristic proc
is the high pore pressures developed in undrained tests. The pore pressure parameter, A, was
found to be as high as 2.7 inet very loose sand with initial porosity 47 to 48 percedit On t hi s
regard, the present theoreti€ad. (4-20) for the pore pressure coefficieat planestraincritical
statepredicts the same result given that a pore pressure coefffiéigrts 2.7 can beobtained

within the range of porosity 47% to 48% as carcdoboratedn Fig. 4-9.
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Fig. 4-9 Characteristic pore pressuke psfor very loose sand according(®jerrum et al., 1961)

and present Eq4-20).

4.2.5. Critical state shear strengthand critical state porosity in natural sands

correlated to presentflow rule in Eq. (4-9)
As explained in the literature review (see numerd). Thefinally mobilized angle of shearing
resistancé & pscorrespondto thecritical porositync atwhich the change of volumetric strain
dilatancy ratdbecomes zeranderconstant stres In a more general sense, for each initial state
(I &.,ps o) there is a unique critical porosityat which a soil reaches iftimatefinal statel & ps
For the case of a pile dfilica sand standing at redbr instancethe initial statel @&ps=1 é=

3346°develops dinal statel & ps= b= 36.3 at atheoreticalcritical stateporosity equal ta.=

34.86% This theoreticatritical stateporosityn: can be correlated to actual porositsilica sand
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by means of the relative porosity previously defined byHanna, 2001jand adopted for the
present assemblage of particles asqgn(4-21); wherenc is given in Eqs(4-11) and(4-12). Thus,
the relative porosity iscr = 0.57.Then, thecritical statgporosityreactedby the pile of silica sand
IS Ncsand = 38.61% as determined from E@-22) after applying the known maximum and
minimum porosities of silica sand as reported in num@ral furthermore, thiscritical state
porosity corresponds to a relative density at failure equBl tgand= 62.09%as given by the

known expressio¥-23) for relativedensity in terms of porosity

T ThEj
£ i i h (4-21)
T®HTP@BULP
€ R € ;i ErR0€ € 5 (4-22
€ h € h
- P € P €n
P € P € A

The samecorrelationbetween theassemblage of particlesnd natural sandby means of the
relative porosityn, criteriacan be applied for the initial state; in this case, the @¢l) to (4-23)

can be rewritten as in E@¢4-24) to (4-26); whereng is given in Eqs(4-13) and(4-14).

€ € h T TP ¢
Eh — o ® i (4-24)
€ € T®HTP@BULP
€ F € i € r0¢ € 5 (4-25)
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Chapter 5:  At-rest Lateral Earth PressureCoefficient Koand Ko-oc

5.1.General

The peviousChapter 4:derived and validated an expression for the pltrean critical state
friction angle as a function of the plasgain constartolume friction angld &p{ Ic(9, See

Eq. (4-8) andEq. (4-9). The pesent chapter usdisatexpressiorasan input to formulate an -at

rest coefficient of lateral earth pressure for both normally and overconsolidated conditions. This
formulation is based on a limit equilibrium analysis of a slope of cohesionless soil standisty at

The main assumption ofithanalytical model is the use of the angle of refipsd & psas the

angle at which the slope standgext.
5.2. Derivation of Ko

In the fill or pile resting atest asillustrated inFig. 5-1, the lined dremains verticali(e., zero
lateral strain). It means the strength provided by the wedge of soil ABC necessarily must

counterbalance the horizontal pressure exerted by tlmnfihie lined a

Fig. 5-1 Crosssectional model used to analytically derig
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This balance between horizontal stresses can be expressed in terms of the limit equilibrium
between the resisting frictional force on the side of the wedge ABC and the lateral earth pressure
acting from the opposite side on the line AB, thig-iss F; as illustrated irFig. 5-1. Considering

a slice with unitary thickness, the resultant resisting frictional fBrde given by the equation

(5-2).

1 00 D AA BRI O (5.1
T

On the other side, the resultant of the acting forces due to-testdateral earth pressure is given
in Eq.(5-2):
r 30

0 — (5-2)
C

Finally, by equating5-1) and(5-2); Eq. (5-3) can be obtained

Azl

o)
c DAz

Qu

D Azl
¢OA

—)| Qu
Quf| =«
5¢

(5-3)

—_—)!

The present expressi@h-3) provides the atest lateral earth presswreefficientas a function of
the interparticle sliding friction angle and the angle of repo$e Additionally, by substituting
EqQ.(4-9) in Eqg. (5-3), the atrest lateral earth pressureefficientcan be exclusively expressied
terms of the effective normally consolidated pkstrincritical statefriction anglel & psas given

in Eq. (5-9).
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ot OEZ 6&; (5-4)
cATl Dby 0

Fig. 5-2 shows the atest lateral earth pressuike as given by the previously derived equation
(5-3) compared with the simplified expressi(#18) according tqJaky, 1948which isknown to

be a good empirical fit for natural soils.

o e o e
78} EEN th =)}

o
o

At-rest lateral earth pressure coefficient, K,

e
=

- - - Taky 1948 S

——Eq. (2-18) ~o .

e
o)
i

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
plane-strain constant-volume friction angle, @, (°)

Fig. 5-2 At-rest lateral earth pressweefficientKo according tdq. (5-3) compared with the

expressior{2-18) since (Jaky, 1948)
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Fig. 5-2 showshow the Jaky simplified expressior(2-18) is approximately coincident with
present expressiq-3) or (5-4) in the interval of angkeof shearing resistance commonly found
in natural soils; this is 20° k & 40° according t¢Terzaghi et al., 1996, p. 14@robably, this
local overlap could explain the coincidental results obtained &qn{2-18) as pointed out by

(Michalowski, 2005, p. 142%mong others, see numezab.

The range of the equatigs-3)is (0 0j T ) OKo O aj T within the complete domain for the
angle of sheal @On®O0rees iWhti d recodsimfified expregsioi2dd J aky
i s KROOL for the same Big52aThis differenceciraranges gpecialye n i n
marked toward the ends of the domain and out of the local sub range associated with natural soils.
Given that a granulaoil like sands neither liquid nor solid matter it seems more reasonable the

range exhibited by the presdin. (5-3).

From the relationship stablished between friction and the state parameter porosity and the
relationship between porosity and relative density as explam€thapter 4:is possible to plot
the relationship between the-ratst coefficient of lateral earth pressie versus the relative

densityDr of the silica sandinderstudy seeFig. 5-3.
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Fig. 5-3 At-rest lateral earth pressuweefficientKo according tdeq. (5-3) versus relative density

for silica sand.

5.2.1. Validation of present expression(5-3) for Ko with existing experimental

results

As exposed in the literature revieseveral researchers have confirmed the empirical validity of
the results of Jaky simplified expressior(2-18) when applied in natural soiiBrooker and
Ireland, 1965)(Mayne and Kilhawy, 1982)(Mesri and Hayat, 1993, p. 664Michalowski and
Pak, 2004) (Michalowski, 2005) (Federico et al., 2008)Lee et al., 2013)(Khosravi et al.,
2013) Now, considering that Jakysimplified expression is coincident with present equation

(5-3) in the interval of shearing resistance angles in the range P@&<40° commonly found in
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naturally occurring soilsi.g. just a small difference of +0.035), sed-ig. 5-2. By extensionit

follows that the present expressi@a3) shares this same empirical validation.

(Terzaghi, 1923bbserved the atest laterakarth pressure coefficielh as a case of the active
lateral earth pressure mechanism whieegnobilized angle of internal frictioh éassociated with

the atrest condition acts alorgystraighiplane of failure, see equati@s-5).

0 —— (5-5)

Experimental measurements k4 in clays and granular soils after the application of equstion
(2-5) and(2-18) leadsto ratios ofl &1 éin the range of 0.59 to 0.7@Vlesri and Hayat, 1993, p.
651) Back calculating this same ratiod &, using theKo from herein equatio(b-3) in the range

of naturally occurring soils yields ratios bf@l & in a very similar range of 0.60 to 0.73, see
computations in th@able5-1. Thel &1 & ratios suggested b§Terzaghi, 1923pnd (Rowe,
1954)and(Rowe, 1958)pre within this same rangMesri and Hayat, 1993, p. 651) should be
noted thathormally corsolidated clays and loose sand specimens behave sinfiiéelsri and

Hayat, 1993}hus for those clays E-4) holds present comparison.

I o Ko I 6 I & T
20 0.60 14.67 0.73
21 0.59 15.16 0.72
22 0.58 15.65 0.71
23 0.57 16.13 0.70
24 0.56 16.61 0.69
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A

A

I o Ko I 6 I & Ted
25 0.55 17.09 0.68
26 0.54 17.57 0.68
27 0.53 18.05 0.67
28 0.52 18.53 0.66
29 0.51 19.00 0.66
30 0.50 19.47 0.65
31 0.49 19.94 0.64
32 0.48 20.41 0.64
33 0.47 20.88 0.63
34 0.47 21.35 0.63
35 0.46 21.81 0.62
36 0.45 22.28 0.62
37 0.44 22.74 0.61
38 0.43 23.21 0.61
39 0.43 23.67 0.61
40 0.42 24.14 0.60

Table5-1 Theoretical §@a. ratios for the interval of naturally occurring soils according to the

(Mesri and Hayat, 1993)lotted own and existing experimental data fr¢@troud, 1988)( D2 a z
Rodriguez et al., 1992nd(Terzaghi, 1920jor the coefficient of atest lateral earth pressure in
sedimented, normally consolidated young deposits. This figure was adaptgdsil to include

the preseng&g. (5-3) or Eq. (5-4). Fig. 5-4 shows that preserterivationadheres well to &t

experimental data.

present study

134



~ The Jaky Equation {EI,‘.I
" Kgp=l-sin ¢’

Qr

I T —

QB

K
op os|- Eq. (5-4)
ash :
- o Soft cloys from this study [(Toble 1) 2
o3l 0 Clays from the literature -;'I-é’;'_‘gccmt!'gﬁ?'f
- e al. {1992)
a2l L , , , i .
] 20 24 28 32 5 40 g
@', degress
a8
The Jaky Equotion (b)
as /“Dﬁ*l"““¢cv
osl A =
w“ L/ & .
051 L Eq. (54)
04 (s ]
03 LThe Terzoghi (19200
Data point
D 1 1 1 L 1 1
220 24 28 32 36 40 A

$ey . degrees

Fig. 5-4 Ko according to preseiiiq. (5-4) superimposed on data f&s: (a)for clays and(b) for

loose sandsAdapted from(Mesri and Hayat, 1993, fig. .7)

(Bjerrum et al., 1961developed a series of triaxial tests in sand as analyZ&lapter 8: As part

of the sampl@reparation, these authors developed consolidation underamoatid cell pressure
caring the principal stress ratio to guaranty no change of the sample diameter. In this way, they
obtained direct measurement of theettlateralearth pressureoefficientKo. Then, they plotted

the observed values Kb versus thie corresponding initial porosésno. These resultareadopted

in Fig. 5-5 to compared with present woik Eq. (5-3) or Eq.(5-4). As observed iffrig. 5-5, the
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presentq (5-4) makes a good prediction ofatexperimental data sé¥loreover,(5-4) in Fig. 5-5

predicts the upper envelope as expected for the normally consolidated condition.

0.80
o
2 0.60
3%
2
cu g
55040
58
53 o
:E 0.20
= —kEq. (5-4)

e Bjerrum et al. (1961)
0.00
36% 38% 40% 42% 44% 46% 48%

initial porosity, n,

Fig. 5-5 Ko according to present equati{B4) versus initial porositgompared t@riginal data

for Ko obtained experimentally in loose sarmygBjerrum et al., 1961, fig. 12)

(Chu and Gan, 2004pund thatKo values for loose to very loose sand as obtained from their
laboratory testaeresignificantly lower than that predicted by Jaksimplified expressio(2-18).

On this regard is interesting to note that present solirti&uaj. (5-3) or Eq.(5-4) agrees well with

this finding sincepresentKo consistently plotsbelow Jaky ssimplified expression(2-18)

specifically for the range df & 2 i%®.glooge and very loose sand), $ég. 5-2.

5.3. Derivation of Ko-oc
The overconsolidation can be easily introduced in the present model through multiplying the

weight of mbhegi ¢eh uimm @5)dsOCR in this way antequivatent angle
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of repose corresponding to the historical condition is obtained. Then, this angle of repose is passed

through the derivation for the-egst lateral earth pressure explained before to get invihyghe

maximum past atest lateral earth pressuiee( loading phase), see equati&rb).

0 O WEY (5-6)

After the loading phaséhe unloading phasstartswhere a part of the lateral earth pressure is lost

due to plastic relaxation of the granular soil mass. However, the elastic component of the soil can

store elastic energyesulting in a higher coefficient of-a¢st lateral earth pressuries(, Ko-oc).

Thi s

el astic s

oi |l behavior given by

Hook 6s

(Sherif et al., 1984, p. 55fZhao et al., 2010)Accordingly, by subtracting the losses due to

unloading from the loading phagg6) is possible tabtainthe expressiofs-7) for the atrest

lateral earth pressureoefficient incorporatingthe OCR parameter. Thi€q. (5-7) for Kooc

becomeso (5-3) for the normally consolidatestatewhereOCR= 1.

Where:

0 0 D OYL 2060 Yp OO (5-7)
, o1 OE4 & (5-8)
U — =
AT DO p
o o Ompit OE4 6 (5-9)
OAZ 6 ; OAl 6 & NEP hbh
AT D6 | AT ¢Od
. SAT OA1 &; (5-10)
2 Of & 00'Y
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WhereKo-ocris the equivalent normally consolidatedrast coefficient of lateral earth pressure
given by Eq(5-8) after substituting the effective normally consolidatetical stateplanestrain
friction equivalent to the given overconsolidated conditio ps,ocr In turn, thisl @ psocrcan

be computed from E(5-9) after substitutinghe effective normally consolidated plastain
constamnvolume friction equivalent to the given overconsolidated conditi@nps ocrdetermined

by the Eq(5-10) or| & ps.ocrcanalsobe computedirectly from Eq.(5-11). And s is the plastic
volumetric strain rat defined as (1a /); &here,aands are the volumetric compression indices
for the plastic and elastic deformations of soil, respectively. Alternatiyelsin also be estimated

as (1- CJC); where,Cc andCs are the slopes of the compression and swelling lines under vertical
loading in @dometer testyMayne, 1980)published a range of based on 105 tests. Mayne
indicated that regardless of the clay composition, there was an upper bound around 0.9 and a lower
bound around 0.2 fes. (Atkinson, 1993kuggested a typical interval fgptbetween 0.99 and 0.61,
seeFig. 5-6. In general, plastic volumetric strain ratio in nakgals rangswithin a wider interval
between 0.99 and 0.;h conclusion, three CSSM parametgérs., OCR s, 8 are necessary for a

more complete estimation Bb-oc.
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Typical soil parameters

Soil LL PL bl r N M ¢ x/4
Fine-grained clay soils ) '
London clay 75 30 0.16 245 268 0.89 23° 0.39
Kaolin clay 65 35 0.19 3.14 326 1.00 25° 0.26
Glacial till 35 17 0.09 1.81 198 L18 29° 016
Coarse-grained soils
River sand 0.16 299 317 1.28 32° 0.09
Decomposed granite 0.09 204 217 1.59 39° 0.06
" Carbonate sand 0.34 4.35 480 1.65 40° 0.01

Fig. 5-6 Critical state parameters of some soil type@itkinson, 1993)

5.3.1. Validation of present expression5-7) for Ko.oc with existing experimental

results

(Hanna and ARomhein, 2008pased on experimental investigatifam the atrest lateral earth
pressure in overconsolidatatica sand proposed the formula given iEq. (5-12). By applying a
plastic volumetric strain ratio for thislica sands in the interval between 0.973 and 0.977 for
relative densities between 21% and 75% as reportéddoyna and Diab, 201,73ee numera.2

Fig.5-7 presents comparison between the results obtained l§§-Fpand the experimental results

in Eq.(5-12).
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at-rest lateral earth pressure coefficient,
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—Eq. (5-7)
------ Hanna and Al-Romhein (2008)

0.0
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plane-strain constant-volume friction angle, &°,, , (°)

Fig. 5-7 At-rest lateral earth pressureefficientKo.oc according tqpresenkq. (5-7) compared

with the empirical formul#5-12) according tqHanna and ARomhein, 2008)

(EI-Emam, 2011ronducted eperimental and numerical investigations on theeat lateral earth

pressure on overconsolidated sandy s#ivihe sand) A specially instrumented container of 1.0

m high was used for this purpose. The sandy soil was compacted by vibration to inceease t
overconsolidation ratioHe reportedthat the horizontal force was about three times the value
calculatedfrom Eq. (2-18) (Jaky, 1948)for the sandy soil of26= 46e and the coil
procedures used weie perfect agreement with @CR= 4. By using an averagg = 0.95for
sandestimated by(Atkinson, 1993) seeFig. 5-6, it waspossible to compute the horizontal

vertical force ratio of 2.93 found by (EI-Emam, 2011)Previous estimation was computed as

follows: the horizontal force is a direct function of the coefficient of lateral earth pressure;

consequently, the ratio between overconsolidated arestihorizontal forces is given By.od/Ko.

140



Now, by applying Jaky simplified expressi¢218) for the given constantolume friction angle
for thisolivine sand &= 46 ¢, r-res latéral sarthapressadefficientequal toKo =
0.28. On the other hand, after applying present expre§siénfor the given overconsolidation
ratio OCR= 4 and the plastic volumetric strain ragie 0.95 results an akst lateral earth pressure

for overconsolidated sand equakeoc = 0.82. Finally this yieldsKo.oc/Ko = 0.82/0.28 = 2.93.

(Santana and Candeias, 20pBgsented an experimental tamue, using a computer controlled
triaxial test to evaluate treg-rest lateral earth pressureefficientKo with the OCReffect They
reported their method has the advantagef being free from any side friction effect and
automatically ensusghe diameter change remains zero. Based on resultstliasalaboratory
tests,they determineda characteristic relationship fdfo.oc of the Toyoura sand as a function of

OCR given n Eq.(5-13).

0 & @ 6 Y8 (5-13)

By using aplastic volumetric strain ratio f = 0.98for the Toyoura san@Jchida et al., 2016)
and a friction anglé & 38eas reported by these authdfgy. 5-8 shows a satisfactory comparison
betweerthepresentheoretical predictionsing(5-7) andthe experimental result as given by these

authors in(5-13).
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at-rest lateral earth pressure coefficient, K, ¢

0.3
0.2
—Eq. (5-7)
0.1
- ---Santana and Candeias (2015)
0.0
| 2 3 4 5 6 7 8

overconsolidation ratio, OCR

Fig. 5-8 At-rest lateral earth pressweefficientKo.oc after presenequation(5-7) compared with
the experimentalesult forToyoura sand given by equati(#13) accordimg to (Santana and

Candeias, 2015)

5.4. Experimental verification of present expressions foKo (5-3) and Ko.oc (5-7)

This is the analysis of the experimentsultsfor lateral stress presented in nume&t@ Table

5-2 compares experimental results versus corredipgntheoretical predictions for the-rast
lateral earth pressure in a roompacted sample dlica sand.The first line in Table 5-2
corresponds to the normally consolidated condiom the following lines arendependent
unloadng steps. The outputs are presented in (kPa) after correlating outputs with the
correspondingalibration functions, see numefal.2.2 Theexperimentahtrest coefficient of

lateral earth pressuk& or Ko.oc was computed as the ratio bet@n theaveragehorizontal stress
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given by the pressure sensgrsand the known applied vertical stra%so at each step, sdg.
(2-1). Theexperimental overconsolidation raCRassociated to each step was calculated as the
ratio between the known maximum historic vertical consolidation stvei&s is (6,max= 24.06
kPafor these tests on nesompacted silica sapdnd the known applieeffectivevertical stress

or current stress at each unloading stlch is given in the o | u(@,p0inTable5-2, see Eq.
(5-14).

006y

(5-14)

The OCRwasadditionallybackcomputedby applyingEgs.(5-7) to (5-10) and the known initial
friction anglel & .ps SeeEq. (4-9). Accordingly, the OCRreported in thelable5-2 (theoretical
resultspart) is the oneassociated to #heoreticalKo.oc that equaé that obtain frompresent
experimentalstudy Finally, a direct comparison betwedhe experimentalOCR and the
theoreticalOCRpermits to conclude there is a good agreement between experimental results and
theoretical predictions for both the nornia. (5-3) and the overconsolidatdgly. (5-7) atrest
coefficients of lateral earth pressure. The previous conclusion under a relative error of about +/

5%. Appendix Qoresents all previous computations in an Excel spreadsheeted.
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Experimental results Theoretical results

U'vo af Kooc OCR OCR Relative error
(kPa)  (kPa) (5-7)

24.056  10.53 0.438 1.000 0.970 -3.00%
21.313 10.01 0.470 1.129 1.117 -1.00%
18,570 9.31 0.501 1.295 1.280 -1.20%
15.771  8.47 0.537 1.525 1.492 -2.18%
13.028 7.76 0.596 1.846 1.921 4.04%
10.065 6.70 0.666 2.390 2.620 9.62%

average (SD) 1.0% (+£5.0%)

Table5-2 Experimental verification of present expressionsdeoEQq. (5-3) andKo-oc Eq. (5-7)

on a norcompacted sample of silica sand

5.5. Experimental determination of the U'v,max corresponding to the standard the

reduced modifiedand the modified Proctor energies of compaction irsilica sand

Table5-3 andTable5-4 report the experimental results for theeestandarccompacted samples.
The outputhorizontal stressn (kPa) corresponds to the average of the three serefbes
correlating with the corresponding calibration functions, see num@&tdl2.2 The
overconsolidated aest coefficient of lateral earth press Ko.oc at each step veacomputed as
the ratio between the horizontal stress given byatrezage of the thrgaressure sensors and

the currentknown applied vertical stresg,o at each stesee Eq(2-1).
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The parameteDCRassociated to each step was back computed by apgsg5-7) to (5-10)

and the known initial friction angle &.ps seeEq. (4-9). In this way, theOCRreported in the
Table5-3 andTable5-4 is the onecorrelated to aheoreticalKo.oc equal to that obtain from thi
experimental work. Finally, the maximum historic vertical consolidation sfi@gsx equivalent

to each of the energies of compaction was determined by multiplying the known applied vertical
stress or current stre&d, o by theOCRtheoretically detamined as explain befor&he Appendix

F containsall the computationsnvolved in this analysis a spreadsheeted.

This equivalent maximum historic vertical consolidation stfégsaxis then a direct function of
the energy of compaction and the type of sand. For the herein obséinaeedand, the standard
Proctor energy leads alid,max= 10156 kPa (SD =6.63kPa) and the modified Proctor enetgy

a 06,max = 517.17 kPa (SD = 5.81 kPa). As expected, the resultant maximum historic vertical

consolidation stres#d,maxis virtually constant for each energy of compaction.

Table5-5 shows the corresponding for the reduosatified Proctor energyrlhis testwas added

to the rest of the experimental tests to build the general conctusngeshown irfig. 5-9.

Experimental results Theoretical results
d'vo af Kooc OCR U'v,max
(kPa) (kPa) (5-7) (kPa)
24.056 18.25 0.758 4.187 100.716
21.313 16.8 0.72 4.894 104.309
18.570 1511 0.814 5.406 100382
15.771 13.81 0.876 7.112 112.164
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Experimental results

Theoretical results

U'vo af Ko-oc OCR 0'vmax
(kPa) (kPa) (5-7) (kPa)
13.028 11.8 0.907 8.129 105905
10.065 9.47 0.941 9.289 93.497
7.377 7.60 1.031 12.735 93.943

average (SD) 10156 (6.63)

Table5-3 Experimental determination of the maximum historic vertical consolidation stress

U6,maxequivalent to the standard Proctor energy

Experimental results

Theoretical results

d'vo af Ko-oc OCR 0'v.max

(kPa) (kPa) (5-7) (kPa)

13.030 20.28 1.557 40.008 521.310
10.070 18.13 1.800 52.632 530.003
7.380 15.22 2.063 66.348 489.645
4.470 13.54 3.028 117.230 524.018
1.730 11.25 6.501 301.072 520.854

average (SD) 517.17 (15.81)

Table5-4 Experimental determination of the maximum historic vertical consolidation stress

U&,maxequivalent to the modified Proctor energy
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Experimental results Theoretical results

U'vo af Ko-oc OCR 0'vmax

(kPa) (kPa) (5-7) (kPa)

18.570 18.34 0.988 11521 213938
15.771 16.58 1.052 14.142 223041
13.028 14.80 1.136 17.842 232446
10.065 1192 1.184 20.041 201721
7.377 10.07 1.365 28.530 210461
4.470 8.18 1.831 51.399 229.750

average (SD) 21856(11.91)

Table5-5 Experimental determination of the maximum historic vertical consolidation stress

06, maxequivalent to theeducedmodified Proctor energy

5.6. Conclusion
The constitutive framework for plarstraincritical stateshear resistance derived @hapter 4:
was satisfactorily applied to a limit equilibrium analysis for the obtention of two new expressions
for the atrest lateral earth pressure coefficient.e3@ two new expressions were prbve
experimentally and crosmlidated with existing experimental results. The first expressioldor
accounts for the normally consolidated condition and the second extends the first into a more
general form that incorpaes the soil paramet€@CR Finally, a methodology to estima@CR

in backfillswith standard compactiomas presented and illustrated with samples of silica sand.
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The analysis ofthe experimentakesultswithin the present chaptealso permitted the empirical
determination of thémaximum historic vertical consolidation strésg,max equivalent to two
standard energies of compactiorsiica sand, namely: the standard Proctor energy that yields an
equivalenti@,max= 10156 kPaand the modified Proctor energy that yields an equivai@atx=

517.17 kPa

In generalasFig. 5-9 shows all the resultdrom thefour experimentatestsalign to a unique trend

that revels a tiethetweenOCR Kooc, and relative densitd;. Fundamentally, as shown kng.
5-100CRis a direct function of the relative dendsidyreached after a given energy of compaction.
The energy of compaction is then just a nominal descriptor of the medium used to obtain each
relative density. Accordingly, two conclusions can be drawn: the greatbe greater th©CR

the soil can hold; antthe overconsolidated sta®CR> 1) can only exist where @.ps>1 6 The
previous is valid only under current orsitu vertical stressayo < 08,max(i.€., elastic response)
otherwise the soil may become normally consolidated or underconsdlidhteh may trigger a

process of densification (i.e., creep) or particle crushing.

Presentomprehensive solutiocbuldbe found for any other sand by applying present theoretical
model andan experimental tedtke the onedescribed in the numeral4. However, the fact that
the plastic volumetric strain ratig for cohesionless soils has a small variability (S&g 5-6) in

the present resultsonstitute a general indication of order or magnitiedejuartz sand
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Fig. 5-9 Experimental results exhibiting a common alignment or link an@G& Ko-oc, andDr

in present silicaand(seeAppendix G.
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Chapter 6:  Active and Passive Coefficients of Lateral Earth Pressurk, and Kp

6.1. General

This chaptermpresentghe coefficientKa andKp for the planestraincritical statebackfill failure

behind a retaining walA modelwasdeveloped fothe nonlinear geometry adctive and passive
slip-failure surface in cohesionless soils, and accordingly the determination of the appropriate
coefficient of lateral earth pressufidne vaiational limit equilibrium method applied emormally
consolidated drgranular mediand the planstraincritical statefriction angle at failure were
adoptedo develop the moddbr the failure behind a retaining waltinally, the influence of the

paramete©CRIn Ka andKj is discussed and incorporated.
6.2. KaandKp in a wall backfill under plane-strain critical state failure

The observation of experimental slips indicates that no momentum is transferred through the
failing mass of soil since theitially horizontal lines of reference remained horizontal after failure
(Koudelka, 2016)(Hu et al., 2019) (Yang et al., 202Q)in other words, no evidence of angular
strain associated to momemtas observedn the absence of momentum, there is no need to check
for equilibrium of momentums. On the other side, for the present problem, the vertical forces will
be necessarily in equilibrium when tbguilibrium of thehorizontal forces is given; in other words,

the vertical equilibrium is a consequence of the horizontal equilibrium. In congltts#onduced
horizontal force due to wall rotation is the main source of lateral disbalance in-wa#oil
interaction; thus, the equilibrium of horizontal forces isrtt@n condition considered in present

analysis. Other assumptions associated to this model are:

a) The wallback facas initially vertical and the backfill surface is horizontal;
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b) The wall is rigid and rotates around its b&se outward translationin active state and
around its top in passive stdte inward translationor around its ba3ge

c) Coulomb is used as the failure criterion;

d) The soil along the slifailure surface is to develop the effectisnitical stateplanestrain
friction T & ps

e) The soil 5 in a normally consolidated state; and

f) The cohesionless soil is dry.

The slope stability problem is known to adhere to the least action principle as obse(Zéey

and Snitbhan, 1975%nd othergLi and Liu, 2®M6), (Xinggao and Weining, 2010jYang et al.,

2020) This sameariational limit equilibriumapproach is used here to determine the slip geometry
associated to the stationary lateral force necessary to observe equilibrium of horizontal forces
under the active and passive states. UsiegCoulomb criterion and the differential soil element
shown inFig. 6-1, the equilibrium of the horizontal forces can be written as in @g¥)-(6-3).

The first term in Eq(6-2) accounts for the shear resistance developed along tHaisli@ surface

and the second term accounts for the corresponding unbalanced horizontal stress.

BO m (6-1)

JOAT r Q®e ,jueEo m (6-2)
OJOAT ,jeeQo m (6-3)

0 WwjOAT 5 e (6-4)
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Where: e —.

y i failing mass

slip-failure surface

O"H: O'ZV’

=0 'tand’ ,

TN

™ .
- o “tangent line
— \ %y

| =

. dx
Fig. 6-1 Slip-failure surface in cartesian coordinates and differestilelement.

Since t hd dextnattedfromaeEq@3), fincorporates the functions for: the slip geometry
y(x), the vertical effective stres$(x) and the first derivative of the geomet§(x), the Euler
differential equation will be first order alo Has & stationary value if the following Euler

Lagrange differential equations are satisfied

t0 Q 10 g
T Ol @ " (6-5)
10 Q 10 oo
Tjo Qo Je (6-6)
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Substituting Eq(6-4) into Egs.(6-5) and(6-6) these two conditions are satisfied by the following

first order differential equation®-7) and(6-8):

Ap

&

e T (6-7)

—
= xj

>

JOAT ] eem (6-8)

The geometry of the slip surfaEsy. (6-9) can be then obtained by solving E6.7):

e 6Q° A (6-9)
Theplanestraincritical statefriction angle for normally consolidated soiésequalto the angle of
reposeb = @ ¢sps (Lambe and Whitman, 1969)Terzaghi et al., 1996, p. 1Q4Cornforth, 1973)
(Santamarina and Cho, 200{$adrekarimi and Olson, 201 Beyond this pint, the soil mass
stands at rest as illustrated in tfig. 6-2(a) and consequently is delimited by the angle of repose
Ub = b = @ csps Therefore, to ensure-agst equilibrium in the active condition, the tangent of the
slip-failure surface geometry at the base must be equal to the tangent of thstiaareitical
statefriction angley§0) = tan@ csps). This condition is applietb Eqg. (9) to determine the constant
C1 = 1. SubstitutingC: in Eq. (9) yields the geometry of the sfgilure surfaceEq. (6-10) under

the active state

ww Q° "k (6-10)
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Fig. 6-2 Slip-failure surfaceand known boundary conditions: (a) active state; (b) passive state.

Thehorizontal distanc® between thevall backfaceandthe point where thslip-failure surface
outcrogs groundgiven inEq. (6-11) can be derived from E@6-10) after applying the condition

y(B)=(H +1):

O
o

(6-11)

o~
ke
—_—)

5¢

Similarly, the vertical stres&{x) in Eq.(6-12) can be obtained by solving E§-8):

dJo 6Q 2 7k (6-12)
By applying the known vertical stress at any p@iht- 1 - y)othe constan€C, can be determined
as(H + 1 - y)ay; where:ois the dry unit weight of the cohesionless solie vertical 8ess in Eq.
(6-13) satisfies the vertical stress equal to zero at the top of the wall(B= 0 wherey = (H +

1), and thevertical stress equal i at the base of the wall, i.&.(0) = oH wherey = 1.

n] @ O p w7 (6-13)
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For the passive state, the above analysis remains applicable ur{Bt®gqHowever, due to the

90°-rotation of the principal stress state, the friction angle developed at the origin is not longer

@ cspsbut the unknown angleb as denoted ifig. 6-2(b). Accordingly, Eq(6-9) becomes

we 6Q° (6-14)
Given the wall heightH, the passive case will have three unknowns and three knowns. The
unknowns areth, B, andCi. And the knowns from Fig. 2(b) arg0) = 1,y(B) = (H+1), andydB)
= tan(90- @ cspg). By applying theseonditions in Eq(6-14) turns out the geometry for the slip
failure surface in the passive state is @415). Where the integral constant results tothes 1,

the distanc® is determined by Eq6-16) and the generatrix ateylh is determined by Eq6-17).

SR (6-15)
ww Q

) O plTOo p
(o} —— -1
A(bT[J-n\j A (6 6)

... OAbTIny |
Al 6-1
o) o p (6-17)

Since the vertical stress boundary conditions in the passive state are the same as for the active
state, that isfi(0) = oH for y = 1 and((B) = 0 fory = (H + 1), it follows thedifferential equation
Eq. (6-8) is also satisfied by Eq6-12) as demonstrated above. Additionally, from the governing

geometry it is pssible to determine the ar@gof the failing mas$y means of E((6-18).

(6-18)
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Having the horizontal and vertical stresses defineBigi 6-1 and Eq.(6-13) it is possible to
determine the associated horizontal earth pressure distribution. Tihg faass undergoes in
extension, as shown ig. 6-2, wherethe intermediate stregsequalto themajor principal stress
0’3 = 0'maxandl’y = 0'min; accordingly, the lateral earth pressure at failure is givef oy 1/ U's.
For adx and according t&ig. 6-1 we have thafi's = 0'ydand(’s = I'; consequently, the lateral
earth pressure coefficient can be giverKby 1/ydor, after integrating, b¥qg. (6-19); where, the
generatrix angle ish = @ csps for the active state and E(§-17) for the passive state. drleover,
the lateral earth pressure distribution behind the wall givetgir{6-20) is the product between

the lateral earth pressure coefficient from @g19) and the vertical stress from Hg-13).

VY BATQO (6-19)

(6-20)

Fig. 6-3 presents the proposed solution applied to the dacgée experimendf (Tsagareli, 1965)
where the@d csps= 45.2° is given by thatan(y§0)) of theequationnumber one ir(Tsagareli,

1965) The resultant active force for each of the five tests reporte@ $ggareli, 1965nfter
applying present solutiois: 42.18 kN, 31.65 kN, 22.56 kN, 14.98 kN a®®4 kN for the wall
heights 4.0 m, 3.5 m, 3.0 m, 2.5 m and 2.0 m, respectiVbfse resultant forces agree positively
with the empirical result of 4.00t, 2.85t, 2.02 t, 1.39 t and 0.9 t, respectively. In general, the herein
theoretical prediction wa% over the experimental measuremént.the other side, the average
location of the resultant force as per present solution iHOv@8le the averagexperimentally

determinedyy (Tsagareli, 1965)vas 0.4H.
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g

Fig. 6-3 Present solution applied to experimental resuliBsaigarel(1969: (a) slipfailure

geometry; (b) lateral earth pressure distribution.

In conclusion Fig. 6-4 to Fig. 6-7 shows a selected family of curves to illustrate the variation of

present solution with friction and wall height for the actind passive cases; friction angles from

20° to 60° with 5° increments were plottedAppendix Hpresents a spreadsheet with all the

calculationsFromthis analysiss possible tastablishthe followinggenerakconclusions:
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The slipfailure surface geometry for the active case is uniqueachd’cs psbeing the
cutting level thegivenwall heightH. The smallscale models are not enouglcapturethe
complete governing geometry as previously pointe(lisagareli, 1965)

The slipfailure surface geometry is relatively more curved in the active state than for the
passive where itesultsmore flattened.

The lateral stress distribution ¢sirved and in general proportional to friction and wall
height however, for the pass\state the lateral stress appears particularly sensitive to the
wall height

The location of the resultant foreg an inverse functioof the wallheightand varies as
illustrated inFig. 6-8. Consequentlythere is not ainique relativdocation of the resultant
force in terms of wall heigh like the H/3 since Coulomb or Rankine or the (#2

suggested iTsagareli, 1965)
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6.3. KaandKp incorporated with the OCR effect
For the active case, the process of failure invotisgensionof the soil mass and as a result any
stress history will be destroyed or unlocked; consequently, the granular mass will end up in a
normally consolidatedstate In other words the solution can be approached asnarmally

consolidated condition (i.eQCR= 1); that isKa is given by Eg. (6-20) and(6-10).

For the passive statthe process of failure involves compression and as a result anyhsstesg
will be the first to offsetthus the granular mass wilirst oppose resistance baseitsmoriginal
overconsolidated condition as given by @Q€R parameterin this case, the is aninitial peak
lateral stressipH,oc which comes beforthe ultimate or residual provideéxy Eg. (6-20) andcan

be determinedrom Eq. (6-21).

» B r JO (6-21)
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6.4. Conclusion
Present chaptetescribeda simple closedorm explicit nonlinear solution in cartesian coordinates
to the critical slipfailure surface and its associated lateral stress distribution for the active and
passive states mormally consolidatedohesionless soilhe governing geontiy parameters are
the natural exponential function and the plat@incritical statefriction angled csps The value
of presensolutionlies in the deterministic obtention of the stglure surface; thus, there is not
need for arbitrary assumptiolise the straight line or the logarithmic spiral commonly adopted in
actual practice. Moreover, the lateral stress is here presented as an associated consequence of the
slip-failure geometry resulting in this way a more rational and standalone soluatewtdition, the
OCR effect was discussed and incorporatagpendix Cpresents direct comparison between
present lateral earth pressure theory foracte and passive states and

(Coulomb, 1776and(Rankine, 1857)

165



Chapter 7:  Stress Strain: A CSSM Plane-Strain Incremental Numerical Model

7.1.General
Previous chapters resolvadd verifieda theoreticaftelationship between friction and dilation in
the framework of plane strain. Moreover, a deeper connection betwekittibaal components
of the soil in plane strajmporosity(or relative densityandOCRwas also stablishe@he pesent
chapter incorporates the stressain associated to present CSSM model. With this, the full
relationship between friction, dilation, densiQCR pore pressurestress, and strain is finally
stablished for the plargtrain condition of colmonless soilsas illustrated inFig. 7-1. The

complete model was implanted in a spreadstoegiractical applications, ségpendix |

internal initial v oA o /on
State I Qps Moy UQy, OCR D, ( lJ/L“)Qf,cv,los
planestrain
critical-state o ToA o . o on
constitutive compressibility | Ppsao s, U ( H/W'Q.,ps
model
externalcritical I &N A Ko, Ko oo .
state e Qc/ﬁﬁ D cs.ps y(X), K(X), Gy(X)

Fig. 7-1 Complete planestraincritical stateconstitutive model developed by present study

7.2.Incremental flow rule
The presentiow rule (4-9) developed in th€hapter 4:accounts for the dilatiodeveloped at the
planestrain critical statefailure in terms of cardinal parameterndowever, by means of an

incremental model is possible to observe the complete stiress path associated to the
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developmenof dilatancy.Thus, he presentiow rule (4-9) is used herén an incremental way in
terms of the auxiliary anglé. This auxiliary angléJis a variable angle thagpresentshe transit
of friction between the initially available plaistrain costantvolume friction angléniia =1 &,ps
and the finally developed plaistraincritical statefriction angleUina =1 & ps consequently, the
incremental transit of thiguxiliary angle developedwithin a giventotal number of stepsl, can
be denoted byl andranges in the intervdl &,,s0U Ol & psas given by Eq(7-1). Where: the

indexi stands for the actual step.

| z8r Qp M (7-1)
Where: y 205 20 (7-2)
: M| G 5
p Q0

7.3.The principal stress ratio( G/ 68):@t plane-strain constant volume failure of a

prismatic soil element
The principal stress ratiat constantolumeis known see numera2.4.1.2 For the constant
volume planestrain condition(0l @0 9cv,ps Was initially developed by(Rankine, 1857)then
suggested byTerzaghi, 1923andafterwardsediscoveredby (Rowe, 1962, p. 521)ased on his
research on equilibrium of assemblies of particles in comthitth probed thafor the constant
volumeplanestrain conditiorthe effective principal stress ratio at failure is a function opthee
strainconstamvolumefriction anglel &, ps(Rowe, 1969Which wasoriginally presented in terms

of I &asshownin Eq.(7-3). Moreover, Rowe showed that there exists an angle between failure
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plane and the principal stress direction which minimizes the energy of the pastisystem,

namelyb = (45°1 @), the same anglareviouslyderived mathematically b§Rankine, 1857)

, e OANl & 1 oA Jn ®
”& o OA’I\ T U C (7'3)
h h
n e
Where: T T UJT

For planestraintest conditions\g = 0) and after replaciny by @&,psin Eq.(7-3) and adding
dilatancyfactor defined forpresent incremental modgklds a generalstressstrainrelationship
assuggested byRowe, 1962, p. 514kee Eq(7-4). Where - is thevolumetric strain increment

andU is the major principal strain.

op — (7-4)

Where: - -h - h (7-5)

. . (7-6)

As suggested by E(j7-4), the principal stress ratio atitical stateplanestrain failure(l @0 9 cs,ps

can differ form the principal stress ratio at constamfume planestrain failure (0 @0 9 cv,ps
dependigonthest r ess str ai n p atPresedtenereniemtgb reutheridalymodelh e s c
fort he st r e sthensffers adolationptathéh H0 9 cspsassociated to present CSSM
constitutive frameworkseeFig. 7-1).
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7.4.Stress strain simulation of the critical state plane-strain case((3= 0)
Fig. 7-2(a) shows theleformationmechanism of the unitary pack of particlessoil element
considered for the hereparticlescalemodel(seeFig. 4-1). And Fig. 7-2(b) showsa sketch ofa

correspondingdealized sample underitical stateplanestrain failure

) -
A\ 83/2 2
T e St
— 01/2 ; ; |
WAV e« 7o =t 3
e e ey N A ek ey oty S B
~ /\ J [ / T
s
/| 3

|
L3 i-1_ | L3,i =L3,i-1+ 03
(a) (b)

Fig. 7-2 Deformation mechanisnfa) the unitary pack of particlegb) prismaticsample under

t
A
/
[
—

thecritical stateplanestrainfailure (3 = 0).

Based on the principalxial deflexionl: shown inFig. 7-2(a) and the theory of elasticity for the
planestraincase the principal axial strainrate- can be expressealith Egs. (7-7) and(7-8) for
the ranges 0° to 45° and 45° to 90°, respectivVEhe principal axial strainrateis postive in
compression and negative éxtension, and theolumetric strain ratés positive in dilation and
negative in contractiorHaving the principabxial strainrate the secondary stramate- can be

determined using Eq7-9). Finally, by applyingoresentdefinition for strainin the stressstrain
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relationship in(7-4) is possible to simulatine stressstrainbehaviorof a granular materiahs per

present model

Al O | WOE WT |
- — , (7-7)
Al ©Om | p
A0 WE i
_ — 7-
AT10 p ° (7-8)
- Yo (7-9)

It should be notedhat Eq. (7-4) alone requires all its variables to be measured independently.

While present study integrates deformation as a function of the state parameter pgsesifyqs
(4-11) to (4-14)]. And with porosity a complete constitutive connection casthblished to other
soil parameters as illustratedkigy. 7-1. The previous viahie Poissomatio 3 which correlateso
the angle of shearing resistaran@d to porosityby means of the elastic definition ftire at-rest
lateral earth pressummefficientKo, seeEq. (2-28). Sincepresenstudyoffersan explict solution
for Ko as an exclusive function of the friction angseeEq. (5-4); consequentlythere existan
explicit solutionfor theincrementdly updatel Poisson rati@ as auniquefunction of the friction

angleor porosity(i.e., plasticity = rearrangemenseeEq. (7-10).

v (7-10)

In summarythe present formulation accounts for a continuous nonlisg&ssstrain pathn an
incrementalvaywith theauxiliary angleUwhich simultaneously controls the continuous evolution

of porosityn. In other words, theontinuougplastic behavior is modeled asequence of multiple
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elastic stepsipdated withPoison ratios. In addition due to the incremental nature mesent
simulation there is an intrinsic precision involved. This precision is given in percentage by the
expressior{7-11). In general, the precision indicates how much ofirtiteal theoretical principal

stress ratio at failure has bemnsideredy the simulation.

. .
N S N L e

nNi QwQiARE € = & P TUTT (7-11)
& "® F R o

The resultant principal stress raticcatical stateplanestrain failure ¢ @0 9 cs psis finally given
by (7-12); where:N is the total number of steps considelsdthe incremental simulatioand

(G @0 9ipsis the incrementgdlanestrainprincipal stress ratio according to Ed:4).

— (7-12)

7.4.1. Stress strain and other characteristic paths according topresent CSSM

incremental model for cohesionless soil
Depending on the initial state of the soil san(@lg.,I &9 the stressstrain path carfollow a
different rout.Table 7-1 classifiesall these potential behavions five distinct groupsproperly
identifyi n t he c¢ ol unMariodsahlamaeristicoctirnie® carobe plotted for each distinct
behaviorfrom reslts that can be obtasd via the application of the CSSM incremental model
described in present chaptdfour curves were selected to illustrate the five characteristic

behaviors undecritical stateplanestrain test. The curves selected are: (i) prialcgiress ratio
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(& B0 i ps versus principahixial strainU, (ii) void ratioe versusprincipalaxial strain{, (iii) pore
pressure coefficier versusprincipalaxial strain{, and (iv) volumetric straiti} versusprincipal

axial strainU. Fig. 7-3to Fig. 7-7 show this set of characteristic curves for each of thediistinct
groups obehaviorasdescribed imrable7-1. The arbitraryinitial statefriction angleg(i.e.,| &,p9
selected to illustrate these characterisgjoups are 23°, Z°, 34°, 39° and 42° for
extensive/collapsible extensive/dilative compressive/contractive, compressiilative, and
extensiveguctiondilative behavior, respectivelyhe resultant principal stress raticcatical state
planestrain failure (/0 9rcsps resulted to be 2.28 (2.28), 2.65 (2.66), 3.52 (3.54), 4.46 (4.40),
and 5.03 (5.04)espectively, where the number within the parenthesis corresponds to the expected
as per Eq(7-3) and by usingN = 200 (i.e., precision over 99%jor thecompressivefithtive
behavior of dense soil the principal stress ratioritical stateplanestrain failureresultsgreater

than theprincipal stress ratio at constarglume planestrain failure; that is 4.46 > 4.40.

Initial state Class § i A Description

0°<1 @i ps<24.78° Very loose - + -+ extensivetollapsible
24.78°01 @ ps< 30°  Loose - + - extensive/dilative

30° 0 0 (-1/3) nor dilative or contractive
30°<| &,psO37.5° Medium + - - compressive/contractive
37.5°<1 6,550 39.94° Dense +/- (net+) -+ - compressive/dilative
39.94°<1 @ ps< 45° Verydense +/-(net-) -/+ - extensiveguctiondilative
45°01 @ps< 90° - + - extensivesuctiondilative

“(Skempton, 1954)

Table7-1 Types of soil behaviaaccording to present CSSM incremental model
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7.4.2. Validation of the Stress Strain incremental model with existing experimental

results
(Alshibli et al., 2004}estednatural unifornsilica sand by means of@anestrainapparatus (i.e.,
a biaxial test)on twoequalprismatic samples (i.e., 57 mm x 121 mm x 180 mm) having both the
same initial densityfrom that study the principal stress ratio at failure in drained conastbs9
[i.e., (O B0 DHrcspd. The previousy considering tk failureis in the point where the volumetric
strain becomes constaftCe t i n and Grhénetpxialudjspla2ethdnBat failure was

measured to be 3.5 mm which correspondsfimahaxial strain of 0.0194.
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After performing a numerical simulation by nmsaof presenCSSM Incremental Numerical

Model with the number of stepgqual toN = 200 anda precision of 99.22%seeFig. 7-8. A

theoreticalcritical stateplanestrdn principal stress ratio at failure @i @0 9 csps= 4.69 can be

determined Moreover, previous numerical result corresponds to a principal axial strélrof

0.02118 which is also in the same order found experimentally.
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Fig. 7-8 Present CSSM incremental model applied to experimental resultgAtshibli et al.,

2004)

(Alshibli et al., 20043escribed the specimen undergoes initial contratvidmwed bycontinuous

dilation toward approaching failure. This behavior corresponds tdidhmpressive/dilative
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behavior described in the previous num&tdll Indeed, he initial constantolume planestrain

friction angle as determined with present simulatioh & s= 39.61° consequently falls in the

range forficompressive/dilative behaviordescribed inTable 7-1. This modelresultfor | & ps

matches theesidualfriction determined byAlshibli et al., 2004w i t h untrebtrained bottom

version of their planstrain biaxial test; that is u = 39.8°.0n the other hand, the developed

critical stateplanestrain friction angle as determined with present simulatidn @sps= 49.51°

which matches the peak friction determinedAlghibli et al., 2004w i t h restrhireed iver si on
of their planestrain biaxial test; that is §r= 49.5°.Moreover, the inclination of thiilure plane

that corresponds to the developettical stateplanestrain fridcion angle as determined with
present simulation i€C = 69.7°. This modeled inclination of the failure plane positively

corresponds witlC = 69° reported irffAlshibli et al., 2004, fig. 11)

7.5.Conclusion
This chapter described the integration of knowledge developed in previous chapters within an
incremental numerical model to simulate the stretgain path of cohesionless soil under plane
strain critical state failure. Present model improves the capabilities of present general CSSM
constitutiveframework with the principal stress ratio and stedifailure. Moreover, present model
permitted a theoreticgeneralclassification ofthe soil behavior based on five observed distinct
responses namely: extensive/collapsible, extensive/dilative, = compressive/contractive,
compressive/dilative, and extensi¢tiondilative behaviorPredictions using thistressstrain

model was positivelgomparedvith existing experimental results on natwsiica sand.

The pesent chapter also finalizes the description of the gen&3&MIonstitutiveframework

pursued by this studyVith this, amore complete and linked understandafdriction at critical
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state was provided. This new mathematical interpretation of friction at critical state accounts for
the role of the geometrical terferenceand interconnects all the soil parameters with the state

parameter porosity.
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Chapter 8:  Practical Applications of Present Design Theory

8.1.General

The pesent chaptenitially summarizes the practical methodology to deterntivesanalytical

CSSM parameterfor cohesionless soilas proposed by present studpll the parameters
considered by the present constitutive framework for critical state are summarized graphically in
Fig. 7-1. Thensome example problems are presented and solved in-aysgt@p approach to
illustrate the application of present theory for Lateral Earth Pressure in terms offl&&gtrain

paramers

8.2. Methodology to determinesoil parameters according to presenCSSM framework

The herein derived analytical constitutive framework for pisinain critical state of cohesionless
granular materials imitially composed by two parts: (i) the relatioishetween constaivolume
and critical stateplanestrainfrictions or flow rule given in Eq.(4-9), and (ii) the relationship
between friction and posity given in Eg. (4-11) to (4-14). Within this constitutive framework
and given thesoil porositystablisied asindicated inFig. 8-1, thefrictional parameterand other

associated parametaran be computed as indicatedig. 8-2.

Once porosity and its corresponding frictional parameters are determined as explained before;
then, it is possible to determine the rest of the associated soil parameters. Most of these associated
parameters can be determined by direct application opiv@priate equation, that is: the relative
densityD, from Eqgs.(4-23) or (4-26), the pore pressure coefficietds psfrom Eq.(4-20) and the

atrest lateral earth pressure coefficiéatfrom Eg. (5-3). By adding the basic properplastic

volumetric strain ratics [i.e., (1 - @ /)] @he atrest coefficient of lateral earth pressure of an
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overconsolidated or compacted soil dep&sibc can be determined from E(p-7). If the soll
constitutes the backfill behind a retaining wall, the corresponding nonlinear lateral earth pressure
coefficientK(x) (i.e., Kp andKz) can be determined from E@-19) and its associated lateral earth
pressure distributiofid«(x) and slipfailure surface geometmy(x) from Eq.(6-20) and Eqs(6-10)

or (6-15), respectively. Finally, the strestrain response can be determined by applying the

CSSM Incremental Numerical Modeéscribed in th€hapter 7:(seeAppendix ).

Fig. 8-1 Flowchartto stablish porsity for present CSSM framework
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