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ABSTRACT

Soil stiffnessat very small strains is a fundamental parameter for a wide range of
geotechnical applications. The correct evaluation of the soil stiffness parameters at very
small strains is essential for the realistic prediction of ground deformaticeigring
around geotechnical structures under operational conditi(sesviceability limit state

design) and is used to derive the stiffness degradation curve with increasing strain.

The aim of this research is to explore the behaviour of granular and clayey geomaterials at
very small strains in cases where the macroscopic response cbsperimentally

cannot be easily interpreted. In these cases, existing models commonly adopted for the
evaluation of the small strain stiffness fail to capture the soil response and may in turn lead

to erroneous estimations of ground deformations.

Two exanples were analysed in this research. Firstly, the stiffness at very small strains of
unsaturated granular materials was investigated. Despite a number of recent studies
confirming the dependency of the shear modulus at very small strains on suction and
degree of saturation, no existing models are able to capture the different trends of variation
observed experimentall\since this dependency has to be accounted for in the design of
infrastructure interacting with the atmosphetere is scope to investigathe effect of

these two variablefirther.

Secondly, the macroscopic response at very small strains of saturated clayey geomaterials
was exploredStudies on the ondimensional compression of saturated -agtive clays
demonstrated how the processesunang at the particle scale may significantly affect the

response observed at the macroscale. Since the evaluation of soil responses in terms of the
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soil stiffness is generally based on the assumption that soil can be treated as a continuum
medium, an aémpt was made to take into account the mechanisms occurring at the

microscale and their effect on the macroscopic response observed at very small strains.

The thesis goals were achieved by carrying out two separate experimental investigations on
unsaturagd wellgraded sand specimens, and on kaolin clay specimens saturated with
different porefluids. The shear modulus at very small strai@g, was inferred from the
measurement of the velocity of propagation of shear waves through the specimens using

the kender element technique.

The interpretation of the experimental results was based on the analysis of the micro
mechanisms underlying the macroscopic response. For the case of unsaturated sand, a
microscalebased model relating the small strain stiffnessitiv the suctioAnduced
intergranular stress was derived by analysing the stiffness at the contact between sand
particles in the presence of water menisci and in the bulk water. The model was
successfully validated agaitthe experimental data, and walde to capture the different
trends of variation 06 along a drymng or a wetting path observed in the literatiier the

case of saturated clay, a DEM model with ned#signed contact laws (accounting for the
mechanical and electthemical interaction®ccurring between clay particles) was first
introduced. The DEM model was able to reproduce basic aspects of the macroscopic
compression behaviour of kaolin clay specimens at a qualitative Teheh, the results of

the DEM simulations and the quantitegianalysis of the stiffness of the different particle
to-particle interactions wersuccessfullyused to elucidate the microscopic mechanisms
affecting the velocity of propagation of shear waves, in turn related to the small strain

stiffness
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1. BACKGROUND

1.1. LITERATURE REVIEW

1.1.1. Soil stiffness: the engineering problem

The stiffness of a body is defined dwe tresistance dfhe body to deformation under
applied forcg(Clayton 2011)Soil stiffness isa fundamentaparametein the study of soll
mechanics and its applications to geotechnical dedipe. prediction of soil response
under static and dynamic loading conditions requires the knowledge of the deformation
chaacteristics of the soil, which is in turn dependant on soil stiffnéeg correct
evaluation of soil stiffness is therefore essential for the efficient design of geotechnical

infrastructure

The parameter commonlysal to describe soil stiffness igeotehnical engineering
practiceis the shear moduluS, relatingt he shear stress.ltswali t h t
known thatthe shear modulusxhibits a strong nehnear behaviour with the strain level.

In particular, G has been widely observetd deadeasein a nonlinear fashion with
increasing shear straifriure 117 Atkinson, 2000). Thevolution of the shear modulus

with the shear strain, usually referred to as the shear modulus degradation curve, is
commonly used for the evaluation of groundfodeations around different types of
geotechnical structures resulting from sgiiucture interactions and mobilisation of

structural loads.

The maximum value of the shear modulus, referred Goa® Gnay IS attained at the
onset of shearing-or pratical purposesthe parameteG can be considered constant and

equal toGy in the very small strain range, i.e. below= 0 . Q@laytéh & Heymann 2001,

12
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in Clayton 2011). Whin this range, soil can be assumed to exhibit a lisgrassstrain

behaviour.

The correct evaluation of the shear modulus at very small strains is essential for the
efficient design of a number of structures in terms of the serviceability limit state. The
deformations induced by loading (or unloading) around -dedligned geotechnical
structures (e.gretaining wéls, foundation¥ under operational conditiongre generally
small, lying between @M1% and 0.1%Clayton, 2011) as showin Figure 1.2. Existing
methods are able to derive the shear modulus degradation curve starting fr@iuehef
small strainstiffness (Hardin & Drnevich, 1972; Matasovic & Vucetic, 1995; Ramberg
Osgood 1944). Therefore, the reliable evaluation of soil stiffness at very small strain levels,
together with the factors controlling tleeolution of thestiffness with increasing strain,

appearso be an essential componentloé design phase

) Guw \
L] ‘_]GJC"JC' A_l Gy

’
[

7 Ay Monotonic
Loading Curve

Shear stress. t
Shear modulus,

,.""'
id | | |

0 0.05 0.10 0.15 10° 10" 10° 107 10"

v

Shear strain, y [%] Shear strain, y [%]

Figure 1.1. Nor-linear behaviour of stiffness (Atkinson 2000)
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Typical strain ranges:

|--la—»| Retaining walls

Stiffness, G

L
0-0001  0-001 0-01 01 1 10
Shear strain, ¢;: %

Figure 1.2. Typical stiffness variation and strain ranges for different structures

(redrawn from Mair 193, in Clayton 2011)

1.1.2. Assessment of soil stiffness at very small strains: general overview

The assessment of soil stiffness at very small strains can be carried out using a number of
field and laboratory methods, where static or dynamic measurements wiaploy=ntities

are taken in order to infer the shear modulus. Except for the case of static laboratory tests
(cyclic triaxial tests with local strain measuremeaygclic simple shear tests and cyclic
torsional shear tests),ast of the existindgield andlaboratorytechniques are based the
interpretation of mechanicahearwave propagation through the solVhen using these
methodsa mechanical wave is transmitted through the g@herating a dynamic motion

in the very small strain range. By idemtirfg the travel timeof the shear wave and the

correspondingelocity, the shear modulus is calculated.

Two main classes of testbased on the propagation of mechanical waves should be

considered

a) field geophysics, including: continuous surface wavdirtgs(SW), downhole

geophysicgDH), crosshole geophysic§CH);

b) laboratory methods, including: bender element testing, resonant column testing.

14
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The relative advantages and disadvantagefs field and laboratory methods for the
evaluation of the shearadulus at very small strairts|ave been welinvestigatedn the
pastyears (e.g. Dyer et al., 1986; Clayton et al., 1995b). For the case of field geophysics
techniques, the background noise may significantly affect the interpretation of the travel
time arival. However, these techniquasevery effective in determininthe geometry and
heterogeneityf the groundand can test large volumes of satilthe current irsitu stress

level. For the case of laboratory methods, treckground noisenay once agaimaffect

signal interpretatiorandthe testing procedures may be extremely time consur@nghe

other hand, laboratory tests are carried out under controlled conditions, atieietare

be used to obtain a wider range of parametersftblahtechniquegClayton 2011).

The fundamentals of the bender element technique, which is the laboratory method used in
this work to assess the velocity of propagation and infer the shear modulus at very small

strains, are shortly described in the following section.

1.1.2.1. Bender element technique
The bender element methpfirst developed byShirley and Hampton (1978), issample
technique to obtaithe shear modulus at very small strai@gs by measuringhe velocity
of propagation of shear wawéhroughsoil specimensThe versatility in the installation
method of lender elemensensors in convention&boratory apparatusésmve led to the
wide use of the bender element method in the pasats(Yamashita et al., 2009)

particularly in the triaxiatest apparatus (Clayt@011, Takkabutr 2006).

The bender element technique is based on the uséowlblelayer piezoelectric
transduces. Piezoeleaic materials are capablef convering an electrical signainto a

mechanical waveVhen subjected to an applied voltage, the lay@rsdeform in different

15
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directions, causing the element to beNGte-versa, he layersare able to generatena
electric voltage when bentHigure 1.3). Thus, two piezoelectric sensors can be inserted
into a soil specimerwith oneacting as a source athe other as receiver of mechanical
waves.The direction of polarization of the two layers of a piezoelectric sensor affects the
amount of voltage/motion generated by the excitation of the sensor. Two possible
configurations may be used: series (epated) configuration, where the directions of
polarization of the two layers poii opposite directions and the excitation voltage is
applied to the outer electrod@sgure 1.4b); parallel (or ypoled) configuration, where the
two piezoelectric layers ka the same poling directions and the excitation voltage is
applied to the centre metal shifiigure 1.4c). Since the parallel configuration provides
twice the motion of the series configuration for the same applied voltage-pbkedck
element is commonlysed asa receiver and the-poled element aa source (Lee and

Santamarina 200%,amashita et al., 2009

Lrizial Propagation of
configuration Applied mechanical waves Received

(no voltage applied) voltage ) > voltage

-

Figure 1.3. Basics of Piezoelectricity
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(a) Qutside electrode

Piezoelectric material
Metal shim
Piezoelectric material

Qutside electrode

(b)

l Direction of
1 polarization

<-4

v

1
™ l Direction of
J’_/ l polarization
Vv

v

(c)

Figure 1.4. Bender elements: a) schematic representation of bender element,

b) series type, and c) @dlel type (Lee and Santamarina, 2005)

Depending on the type of installation and the resulting mode of deformation induced by
the piezoelectric transducer, the velocity of propagation of shear waves (bender elements)

or compression waves (extender elersgotin beneasuredLl({ings & Greening 2001).

Bender element testing is based on the assumption that at very small strain levels (i.e.
within the context of soi | O-strairerelatienshipxther e s p
shear modulus can be deterednfrom the Theory of Elasticity 8 " w , where” is
the total density of the soil specimen aids the velocity of the shear wave propagating
through the sample. The shear wave velocity value is givee bydj Yo. The termd
represents the travel length, whiis usually taken as the 4ip-tip distance between the
source and the receiveDyvik and Madshus 1985, Viggiani and Atkinson 1995a,
Fernandez 2000Y he termYorepresents the travel time of the shear wave. The evaluation
of the travel time of the we& is somewhat controversiaDifferent suggestions are
presented in the literatudependentipon sensor installation, type of application and used
input signals (Dyvik and Madshus 1985, Viggiani and Atkinson 1995a,b; Jovicic and Coop

1997; Santamarina drFam 1997). However, theiestill no agreemenegardingthe most

17
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reliable method for travel time interpretatiofhe methodologies proposed over the years

for the evaluation of the travel time range from simple methods based on the direct
observation bthe time interval between characteristic points of the input and output
signals, to more complex techniques supported by signal processing and spectrum analyses

tools. Existing interpretation techniques can be briefly resumed as follows:

I. Time domain intgpretation(Figure 1.9: the first arrival is identified from the voltage
I vsi time graph of input and output signals. Different approaches can be adopted in

the time domain, for instance:

1 Time interval between characteristic points of the input andubignals the travel
time corresponds to the time distance between two characteristic points in the graphs,

e.qg. first peak, first deflection, first bunepc (Lee and Santamarina 2005).

1 Cross correlation of the input and output signdle first arrivalis derived from the
crosscorrelation function, which is a measure of the degree of correlation of two
signals (Viana da Fonseca et al 2009). The peak of the @pasdation function can

be considereds an estimation of the travel time.

18
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Input

Output imh]

-b 0 0s 1 1.5 z 2.5 ¥ 3.3 4 4.5 3
) Timee [ms]
1.2 T T T T T T T =
.1 Tima difference hetwean |
g fi | 1% and 2" event J
[3 H
3 ¢ N
2 i
2 H
[+3
1.2 1 1 [ 1 1 1 1 1
] 0.5 1 1.5 3 5 i is 4 4.5 5
C) Time [ms]

Figure 1.5. Examples of time domaianalysis (Lee and Santamarina, 20@§}ime
distance between characteristic points (A: first deflection; B: first bump; C: first zero
crossingD: first main peak); b) output signals corresponding to two separate events
(arrival of input wave and reflected wave); c) crosesrelation functiorthe two eventin
b)

II. Frequency domain interpretatigRigure 1.9: the first arrival is identified from the
analyss of the voltagé vs1 frequency graplof input and output signaksnd from
the colerence function (correspondett the crossorrelation function inthe
frequency domain) anthe phase shift between the recordgdnals Greening &

Nash 20@).
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coherence
[=] [=]
= =)
L P

L L | 1 L 1 1 L 1
4] 1 2 3 4 & [ 7 & ] 10
frequency (kHz)

phase (radians)
L=

L i A L L L 1 L L
4] 1 2 3 4 & [ 7 | L] 10
frequancy (kHz)

Figure 1.6. Example ofcoherence and raw phase pidhe arrival time is

proportional to the slope of the phase shidtsusfrequency grapliGreening
and Nash, 2004)

Another critical aspect of the use of bender elements regards the choice of the
waveform and frequenayf the input waven orderto guarantee a reliablaeasurerant of
the arrival time Among a number of possible waveforms, tihmusoidal waveform was
observed to cause smaller ambiguityhe detection of tharrival time than other types of
waveform, such as squasbapedsignals (Leong et al. 2005, Viana da Beca et al 2009).
As regardghe wave frequency, the first arrival is in principle not affected by the selected
input frequency. However, the choice of the input frequency may significantly affect the
ability to detect the first arrival of theave (Lee ad Santamarina, 2005) as the bender
element output signal is enhanced when the input frequenclose to the resonant
frequency of the bender elemesdil system (Lee and Santamarina, 2005, Jovicic et al.
1996; Kawaguchi et al. 2001). Furthermore, tinet arrival of the shear wave might be
difficult to detect due to the propagation of additional transversaves (sec al | e-d dne

field effecté) that may be recorded by th
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(Viggiani and Atkinson 1995; Josic et al. 1996; Brignoli et al. 1996)earfield effects

can be quantified in terms of the ratio between the travel length of the wave and the
wavelength (SancheRalinero et al. 1986). An optimal value of travel length to
wavelength ratidor soilshasbeen suggested by Leong et al. (2085)eing at least equal

to 3.33. This value is in agreement with Sane8alinero et al. 1986, Arulnathan et al.

1998, Arroyo et al. 208) and ASTM recommendations (ASTM D 2845, 1997 a).

1.1.3. Small strain stiffness of unséurated soils

The prediction of soil behaviour and settucture interactions for the casH
infrastructure interacting witlthe atmosphereshallow foundations, road and railway
embankments, earth dams, riverbank$ ist@a major challenge. For instanseils usedto
constructearth structures are unsaturated during construction and, in several cases, during
operational conditions. Their behaviour is thus affected by the simultaneous presence of
water and air in the pore spaces, which makes theflpodemixture compressible and

influences the stress state (Mancuso et al. 2002).

All the processes linked to the satimosphere interaction may have significant effects
on the hydraulic behaviour of shallow soils, in turn affecting soil stiffness. A pahctic
exampleof the variation of soil stiffness in unsaturated conditions may be observed during
the phenomenon afhrinkage induced by evaporatidfvaporation causes the soil to-de
saturate, which means that part of theepgpacence filled with watebecomesgradually
filled with air (or with a mixture of air and water vapaourlt has been observed that the
drying process, which gradualimovesfrom saturated to unsaturated condifooauses
the soil to decrease its volume, i.e. to shrink. It also appeat most of the shrinkage

occurs during the early phase of the drying process, when the soil can sbihddered
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saturatedShrinkage in the unsaturated phase is much smallech isin agreement with

the general perception that unsaturatedssbave a muchhigher stiffness than saturated
soils. There are several factar€luencing shrinkage properties, such as the soil structure,
the initial water content, the clay content, the organic matter content, the kind and
concentration of the cations ithe porewater, the drying conditions etdt can be
concluded that the deformation occurring in earth structures or soils interacting with
shallow geotechnical structures is not only induced by loading under operational
conditions, but alsty the effets of the soil-atmosphere interactisnTherefore,a better
knowledge of the influence ahe unsaturated conditiois required in order to make

realistic predictions of the ground movensent

When the soil is unsaturated, the effect of matric suction agred of saturation 08
for a given net confining pressure has a key role in the interpretation of the mechanisms
occurring during hydraulic hysteresis.large number of experimental investigations have
been carried out over the yeansorder to studythe influence of suction and degree of
saturation o using different techniques. Qian et al. (1993) showed the dffatthe
degree of saturation has on the srséidin shear modulus of unsaturated sands from a dry
condition to complete saturation €ting path) in a resonant column apparatus, obtaining a
nornrmonotonic variation oGy with the degree of saturation. Similar results have been
reported by other researchers (Marinho et al. 1995; Senthilmurugan and llamparuthi 2005;
Weidinger et al. 2009)An example of normonotonic variation oGy with suction is
shown inFigure 1.7 (left-hand side) Mancuso et al. (2002) measur@g for unsaturated
silty sand specimens with increasing suction (drying path only), using a saohtolled
resonant column torsional shear apparatughey reported an increase @f at a reducing

rate with increasing suction, in a monotonic trend. Asslan and Wuttke (8Dtsthed the
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smallstrain stiffness of unsaturated sand specimens by measuring the velocity of
propagabn of shear waves (bender element technique) in a specially designed cell using
the axis translation technique. They measured a monotonic increstseanfwave velocity

with matric suction along a drying path for two values of the net stressndtease of Gy

with increasingmatric suction was also confirmed by othessearchers (Picornell &
Nazarian 1998, Alramahi et al. 2008), althoutghas been found that the maximum value

of Gy does notnecessarilycorrespondwith the maximum matric suctiofi.e., the small

strain stiffness does not necessarily vary monotonically with suction).

Other authors investigated the effect of wettitiging cycles onGy. Ng et al. (2009)
focusedon the effect of hydraulic hysteresis under constant isotropic net stresss @tat
the anisotropic smabltrain shear modulus of a completely decomposed tuff using a
modified triaxial cell equipped with bender elements. The soil appeared to be stiffer during
wetting, and exhibited an increase @ with increasing matric suction ia monotonic
trend for both drainage and imbibition. The same behaviour during hydraulic hysteresis has
beenobserved by several authors (Khosravi and McCartney 2001; Khesra. 2016; Ng
and Xu 2012) An example of the monotonic variation & with suction is shown in
Figure 1.7(right-hand side)Contrarily, further experiments on an unsaturated sandy soil
using bender elements and axis translation technique showedthvaried in a non
monotonic manner with respect to matric suction, and was \egséo be smaller upon

wetting (Khosravi et al. 2016).
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Figure 1.7. Examples ohon-monotonic(left-hand sideandmonotonic(right-
hand sideyariation of G (Khosravi et al. 2016

1.1.3.1. Models for Gy in saturated and unsaturated soils
A largenumberof modelshave beemproposed over the past decades in order to predict the
smaltstrain shear modulus of saturated granular and clayey geomaterials. The effects of
variables such as confining stress, void ratio, overconsolidation ratio, strain rate et. for th
case of dry and fully saturated soils have been widely investigated by nesesrchers
(Hardin and Richart 1963; Hardin and Black, 1978; Hardin and Drnevich 1972; Hardin
1978; Iwasaki et al. 1978; Viggiani and Atkinson 1995; Stokoe et al. 1995; Rarapallo

1997; Sorensen et al. 2010). In swynditions, the macroscale smsitain stiffness is
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usually fitted by a power equation form containing empirical functions of the
aforementioned variables.@.void ratio,Q and effective stressge

O 07QQ ,e.

More recently, a number of moddiave been proposed to quantidy for the case of
unsaturatedoils (Mancuso et al. 2002; Mendoza et al. 2005; Ng et al. 2009; Sawangsuriya
et al. 2009; Khosrawet al. 2012; Oh and Vanapalli 2014; Wong et al. 2014; Dong et al.
2016). A common approach adopted by several authOts #nd Vanapalli 2014
Sawangsuriya et al. 2009) is to derempirical or semempirical relationships dBo using
the concept ofaverae skeleton stress (Jommi, 2000), starting from the concept of
Bi shopds effective stress for uhsdeurzagébd
effective stress principle can be extendetheéocase ofinsaturated soils by introducing the

contributon of the aiwater pressure differencé 0 as follows:

N6 e 06

where , Niis the effective stress, is the total stressh) and 6 are the air and water
pressure respectively and.is a soil proprty directly dependent omthe degree of
saturation.By substituting the term..with the degree of saturation, a stress variable for

unsaturated soils known as OG6average skelet

For instance, the expression @f in unsaturated soilproposed by Sawangsuriya et al.

(2009) is the following:

O o0QQ , o Y O O
where “Yis the degree of saturation, amd and € are empirical fitting parameters.
Similarly, Oh and Vanapall{2014) proposed the faiwing nonlinear relationship for the

prediction ofG in unsaturated soils:
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O O p €6 o0 Y
where 'O and 'O are the shear moduli at very small strains in unsaturated and
saturated conditions.

In both expressions, the shear modulus at very small strains in unsaturated soils is
directly proportional to the product of suction and degree of saturation, which is in
agreement with the effective stress for unsaturated soils proposed by Bistogthis
principle involves the implicit assumpti ol
increase of degree of saturation, which would theoretically lead to higher val@&s of
along a drying path rather than a wetting path at given suctionertdeless, the
experimental investigations presented in the previous section carried out on many different
types of soils often showed an opposite trémdhe variation of Gy during hydraulic
hysteresis, with the soil being significantly stiffer duringbibition rather than during
drainage. This evidence shows how the mechanismerlying thevariation of Gy with
changes ofmatric suction anth degree of saturation are not yefly understood

Other proposed models for the evaluation of unsatusaiksd(e.g.Dong et al. 2016are
basedon the concept of suction stre4si (& Likos, 2006, which combines the effect of
interparticle forces dependent on matric suction and degree of saturation and is intrinsically

related to the soil wateetention curve

. ¥
) Y6 6 Yj| oy 7 p

where,, is the suction stressy is the effective degree of saturation equal T8
YT p °Y,and and¢ are the empirical fittinggparameters in thean Genuchten model
(1980). This approachainly focuses on the effect of suction in the bulk water, but does

not account for the effect of suction from the presence of menisci.
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It can be concluded th#tere is no agreement regarding the role of degrsatafation
and matric suction on the variation of the small strain shear modulus of unsaturated soils.
The majorityof the existing models fail to predittie macroscopic response at very small

strains of unsaturated sqilsven at a qualitative level.

1.1.4. The micromechanical approach

In the classical approach for the study of the macroscopic response of geomaterials, soil is
generally treated as a continuum medium, with constitutive relations based on the theory of
Continuum Mechanics. However, due to thecdBte nature of granular geomaterials (e.g.
sands) and clayey geomaterials, an understanding of the processes occurring at the particle
scale can represent a useful tool for the correct interpretation and prediction of soil
behaviour at the macroscale. Bhua micromechanical approach may be conveniently
adopted when studying the response of such materials. The main objective of the
micromechanical approach is to predict the macroscopic response of particle aggregates
and their constitutive relationships.de the relationship between the macroscopic stress
tensor and strain tensor) based on the microscopic constitutive relationship (relating the
forces developing at the contacts between particles with the relative displacement at the
contact point) by usinguitable averaging techniques. The micromechanical approach can
be applied analytically and numerically. Numerical micromechanical analyses are mainly

performed using the Discrete Element Method.

1.1.4.1. Discrete Element Method

The Discrete Element Method (DEM) Discrete Particle Method (DPM), first proposed

by Cundall and Strack (1979), is a powerful numerical technique that has been successfully
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used in the past decades for achieving a better understanding of the macroscopic response
of discrete materials, awell as for predicting their behaviodsy starting from the
microscopic information at the particle scdlE=M hasbeen proven taccurately capture

the macroscale response of granular materedsl can therefore be used awidual
laboratory to invesfjate fundamental aspects of the behaviour of granulaerials
(O6Sul livan etexamples,can beOfOudd in theMiteratyure regarding the
application of the DEM to industrial processes, including the flow of granular particles in
hoppers (Langen et al. 2004), edgrifugal mill charge motion and granular flow in mixing
processes (Cleary & Hoyer, 2000), undergroardavation processes (Labra et al., 2008)
and so on. DEM applications to geotechnical and geomechanical problems include strain
localisation (Kawamoto et al., 2017; Iwashita & Oda, 1997), soil particle crushing
(Thornton et al., 1996Cheng et al. 2003; Bolton et al., 2008), stii@skiced anisotropy

(Guo & Zhao, 2012), wave propagatidiiduraille, 2009; O'Donovan & O'Sullivan, 2012

etc.

In DEM models, the components of the motion of each particle in a given particle
assembly is derived from the forces actin
the translational moti on and EulDespabesthee qu a
following equations describe the translation and the rigid rotation of a spherical particle of

massi respectively:

O adw Q 0 0
O dw ™, U 0
O aw Q 0 0

where Ois the force applied in th€direction,w is the lineamacceleration of the particle in

the "@irection, "Qis the acceleration of gravity, is the moment of the particle in tf@
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direction, Ois the moment of inertia of the particle in tlHirection, and is the angular
accelerationof the particle in thé€direction. The dynamic motion of each particle is
determined by identifying the values '@and0 acting on the particle at each time step,

and then calculating the resulting positions, velocities and rotations byniieggating the

l' i near and angul ar acceleration apimearin
integration is performed by implementidinite-difference approacin the DEM code.

The most common timmtegration algorithm implemented in DEM codesthe Verlet

explicit integration The velocityVerlet algorithm is implemented in the DEM code used

in this study (MercuryDPMywww.mercurydpm.ory

1.1.4.2. Contact laws for DEM in granular materials

The resultant forces andoments acting on each particle at each time step are derived by
implementing constitutive relations in the DEM code, commonly referred toras-
displacement laws at the contaCuqdall and Strackl 979, or contact lawsContact laws

link the force (homent) developing at the contact between two particles with the relative
translation (/rotation) associated with that force (/moment). Linear ardineam contact

laws can be selected. Linear contact laws are easy to implement and result in efficient
computational times. However, there are cases where linear contact laws are not suitable
due to the nottinearity of the real behaviour of grains interacting with each other. In these
cases, the use of ndinear contact laws in DEM codes enables the usebeter
capture/reproduce the behaviour of granular materatisthe cost of a significantly

increased computational burden.
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A contact forcéOdeveloping between a particland a particlézan be decomposed in
its normal component and tangential compon&tand’O respectively. For the case of
linearcontact laws, these forces can be calculated as:

i T T

1S . .

"0 o o and ®O Qi h T
t "Qh QwI tQ

where] is the normal overlap betwee particle ‘Qand particle™Qtaken on the line
connecting the centres of the sphef@sjs the normal stiffness at the conta@ is the
tangential stiffness at the contart, is the tangential overlap, ard is the friction
coefficient. For the case of ndimear contact laws, the Hertzian contact model for the
calculation of normal contact forces is widely used:

mh Tt

T o
Ly T ¥
GOZI ) h s

where O is the equialent Young modulus of the particles, ani the equivalent radius.
The extension of the Hertzian theory to the case of tangential contact forces can be found
in Mindlin (1949).

When tangential contact forces are applied, particle rotations occur ammnant is
developed at the contact. Two types of rotations may develop following the application of
a tangential force: a rotation about axes belonging to the contact plane (usually referred to

as rolling) and a rotation about the normatlthe contac{referred to as torsion or spin).

The rolling momenb and torsion momeni can be calculated as follows:
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. mw™ O 1 . MmO 1
wo . . , and U . L
Qw] hwO 1 Qwl hwO m

where'Q is the rolling stiffness at the conta® is the torsional stiffness at the contact,

1 istherolling angle, and is the torsional angle

Additional componentsf the contact lawaccounting for the eneydossat the contact are

represented by damping coefficients, proportional to the particle velocity.

1.1.4.3. DEM simulation of non-contact forces
Although traditional contact models only account for the mechanical interaction
developing between particles in carttasome attempts have been made in the past years to
include other types of interactions occurring between particles not yet in cardacter
Waals cohesioetween small dryparticles (diameters ranging from 1 to 100 pnvgt
cohesion due to the forman of liquid bridges between patrticles, sinter bridges etc have
been simulated in DEM models by adding attractive forces to the contact laws, developing
at negative values of thgarticle overlap(Luding 2008, Willett et al. 2000 Roy et al.
2016. Thisapproachs relevant for industrial applicatiorte simulate the response of wet

and dry powders.

However, there are other cases where the simulation e€omtact forces is crucial to
capture the macroscopic behaviobor the case of clay materialsinterparticle forces
are both mechanical anelectrechemical in nature, in contrast to the conventional
mechanical interactions that characterise granular matefiaés relevant role of electro
chemical interactions clayey geomaterials, including ddebayer repulsive interactions,

is well established (Bolt, 1956; Olson & Mesri, 1970; Moore & Mitchell, 1974).
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The use of DEMmodelsto simulate the response of clayey geomaterials has been very
little explored in the literaturéd major contributionto the DEM modelling of clays has
been given by Anandarajah and hisveorkers (Anandarajah, 1997; Anandarajah & Chen,
1997; Anandarajah, 2000; Yao & Anandarajah, 2003; Anandarajah & Amarasinghe, 2012).
The authorsdeveloped rational methods for computing ttaublelayer repulsive force
and the van der Waals attractive force occurring between arbitrarily oriented rectangular
(2D) or cuboid (3D) elements. By adding these contributions to the conventional
mechanical inteparticle interaction, they obtained narical results that compared
reasonably well with the soil behaviour observed in the laboratothe DEM analysis,
Anandarajah and eworkers assuntkthat particles possess a uniform negative charge, and
that attraction between particles is driventhg shortrange van der Waals force onk
criticism to ths assumption is that interparticle fordesplacement constitutive laws are
built on a purely theoretical basis, with no direct experimental evidence of their validity at
the microscaleFurthermore t he Gact i vat i ors® difictittovjustify der
for the average intgparticle distances occurring in natural clay$ere is, therefore, a
need to design and implement new contact laws able to reproduce accurately the

interaction betweeclay particles.

1.1.5. Micromechanical analysis of small strain stiffness and wave
propagation

An example of the successful application of the mioexhanical approach and miero
macro transition concerns the study of the elastic moduli and mechanisms of wave
propagation in granular assemblies. The stiffness parameters of particle assemblies have
been derived analyticallgnd numerically the latterusing DEM simulations) for the case

of orderedor random packings under differeapnditions(Kruyt, 201Q Liao & Chang,
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1997; Luding, 2006Mo ur ai | | e, 20009; O'" Donovan & O' Su
20169. In both cases the influence of macroscopic state variables largely investigated
experimentally, e.g. confining pressure amid ratio Hardin & Richart, $63; Hardin,
1978; Iwasaki & Tatsuoka, 1977; Prange, 1981; Kokusho & Esashi,),19%ds
successfullyeproduced by changing particle arrangements at the 1sdeie, thus proving
the suitability of the micramacro approach for the case of granular geonadger

The analytical evaluation of the stiffness tensor can be carried @gpbying different
averaging technique#&\n example igiven byLuding (2005) who derivethe expression
of the stress and stiffness tensors @nassemblyof equal spherical grticlesusingthe
particlein-volume averaging technique. The macroscopic tensors were first derived by
pre-averaging over single particle contacts, and then calculated an average over all the
pairs of particles interacting within an averaging volumé he expressions of the stress
and the elastic strain (and, hence, stiffness) for a single contact were derived from the
principles of virtual displacements and virtual strelsange respectively. Once the tensor
elements based on single contacts were knolenoverall macroscopic variables could be

obtained. The following expressions were obtained:

P &0
w

[

o

Q aj¢ € EEE Q aj¢ € 0O

where,, and 0 are the gess and stiffness tensors respectivalys the total number of
contacts contained in the averaging volumis,the branch vector connecting the centres of

particles in contactQis the interparticle force generated at cont®tand’Q are the
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normal and tangential spring constant respectively,, , [, %o0are subscripts that can
indicate the directions x, y and &, and 0 are the normal and tangential unit vector
components respectively and the apéindicates the single contactwithin ¢. The
expression of the stiffness tensor only holds for small deformations, in the absence of
opening or closing of contacts or particearrangements. If all the terms of the equations
are known, the stiffness tensor can be used to calchiatenalstrain shear modulus of

soil. Similar results had been derived previously in the literature with different
nomenclature (Liao and Chang 1997; Kruyt and Rothenburg 1998). Other examples of
derivation of the elastic moduli based on the effective inmedtheory (the system is
assumed to be homogeneous, isotropic, and made of equal spheres) are Giuéfg By
Mindlin (1957) Santamarina & Cascante (199@) regularassemblies, and by Digby

(1981), Walton (1987), Chang & Liao (1994) for random assiesbl

When the elastic moduli of granular assemblies are derived numerieadlyifferent
approaches to the prediction of the elastic moduli via micromechanical analyses may be
found in the literature: a dynamic approach and a static approach. The dwapgpnuach is
generally adopted when studying the mechanisms of wave propagation through granular
assemblies. Wave propagation is induced in virtual granular specimens by assigning a
certain displacement to a particle (or a layer of particles), simulatiegnput pulse
applied to a transmitter bender element in experimental studies. By recording the
displacements occurring in the assembly induced by the input motion (or, equally, by
monitoring the variation of macroscopic variables such as the stressdiawvet) the
propagation of the virtual wave), an o6out
the velocity of propagation of the wavEhe small strain stiffness of the assemblies can in

turn be derived from the velocity of propagation. This apphohas been adopted by
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several authors for the case of regassemblies (e.g. Mouraille et al. 20@BDonovan &

O"Sullivan, 2012), and random).assemblies (

On the other hand, a static approach may be adopted for thetmraloiathe elastic
moduli of regular and random assemblies. In this case, virtual granular specimens are
subjected to incremental deformation. The response of the assembly in terms of the
macroscopic stress derived by averaging techniques is recordetheacdrresponding
elastic modulus is calculated. Examples of the application of the static approach can be

foundin Kruyt & Rothenburg 1998), Makse et al. ( 2004Ylagnanimo et al. (2008)
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1.2. OBJECTIVES

The aim of this thesiss to explore the behaviowf granular and clayey geomaterials at

very small strains in cases where the macroscopic response observed experimentally
cannot be easily interpreted. In these cases, existing models adopted for the evaluation of
the small strain stiffness may fail smlequatelycapture the soil response. Therefdtes

work aims at providing appropriate tools for the interpretatiband, where applicable,

the simulation of such responses on the basis of the processes occurring at the particle
scale. This will be achi@d by applying experimental, numerical and theoretical

approaches.

The main goalare:

1. Develop a micrecale based model able to link the very small strain stiffigssf
unsaturated granular materials observed experimentally to the varying intégigrstness

during dryingwetting cycles via the stiffness at the interparticle contact.

2. Develop a DEM framework (based upon the results of indirect experimental
observations) suitable for the simulationctdyey geomaterialghat takes into accouttie

presence of both mechanical and electiemical interactions between clay particles.

3. Provide a micromechanical interpretation of the phenomena occurring at the particle
scale during the propagation of mechanical shear waves in dry and satunataoselved

experimentally, based upon the resultthef DEM simulations
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1.3. THESIS OUTLINE

After providing a general overview of the research background and objediaptér

1), thethesis is structured as follows:

Chapter 2 first presents an experimih investigation on the effect of suction and
degree of saturation on the small strain stiffness of agvatled sand specimen during
dryingwetting cycles (unsaturated conditions). The techniques to perform drying and
wetting paths and to derive the ahenodulus at very small strai@, are described in
detail, and the results of the experimental investigation are presentedaThamgscale
based model is derived in order to relate the soil paran@gtés the varying soil stress
state induced by diyg-wetting cycles, via the (microscopic) stiffness at the contact.
Finally, the results of the model are presented: the model is able to capture the macroscopic
response observed experimentally, and to elucidate the mechanisms behind different
responseslmserved in the literature.

Chapter 3 presents a new DEM framework suitable for the simulation of clay particles.
The core of the framework is represented by tbetact laws, inferred from indirect
experimental evidence at the microscale regarding the anaet and electrghemical
interaction between clay particles. A validation of the DEM framework is then presented in
the chapter. The contact laws are successfully praigadhst their ability to reproduce
qualitatively the compression behaviour of clalyserved experimentally, including the

effect of different pordluid chemistres(pH and dielectric permittivity).

Once a suitable DEM framework for the simulation of clay particles was derived, the
macroscopic behaviour of clay was further investigdtgdboking at the response at very

small strains.Consequently,Chapter 4 presents an experimental investigation of the
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propagation of mechanical shear waves in kaolin clay specimens with differeftubre
chemistry. The results of orBmensional comm@ssion tests in an oedomeli&e
apparatus equipped with bender elements are shtlenexperimental evidence is then

i nterpreted by consi der metlgnical)andtelacachedhical f er e
interactions and ii) the mechanical and elecinemical force chains as inferred from the

DEM simulations presented i@hapter 3. The micromechanical interpretationable to
elucidate the microscopic mechanismesponsible forthe nonintuitive experimental
evidence.n the light of the micromecharal interpretation of the experimental data, the
value of soil density used for the calculation@f from the velocity of propagation of

shear waves is then discussed, and an o6eff

Additional details regarding the stby-step procedure for the preparation and
installation of the bender element sensors used in this,saghther withthe results of a
number of preliminary DEM simulations carried out using the nalelsigned contact

lawsare given iPAppendix A andB.
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ABSTRACT

Stiffness at very small strairs, is commonly assessed via laboratory and field methods
and used to design a wide range of infrastructWaen stiffness is inferred from field
measurements, its value depends on the state of saturation at the timenedurement

and models are needed to infer soil stiffness for varying degree of saturation. When
stiffness is measured on saturated specimens in the laboratory, models are needed to
extrapolate the | aboratory 0 satbursatflilEédfon esst
paper presents an experimental investigatio®obf unsaturated sand using the hanging
water column method and the bender element technique. Experimental results revealed that
wave propagation velocity and, hence, stiffnressisnotcom | | ed by the pr
times the degr ee o0 tbhassdanodelvwas formubated to iAterpret tber o s
experimental results, and to elucidate the mechanisms behind different patt&@sns of

unsaturated materials observed in the litemat According to the proposed model, the
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evolution ofGg is controlled by the evolution of the suctigenerated intergranular stress
during dryingwetting cycles. In particular, the breadth of the water retention curve and the
magnitude of the intergratar stress due to the presence of the menisci were found to be

responsible for the different trends of variatiorGgiduring hydraulic hysteresis.

2.1. INTRODUCTION

The shear modulus of soil at very small strain levels (less than 0.001%), typically
denoted as>o, is a soil stiffness parameter commonly assessed via laboratory and field
methods. It is a fundamental parameter for a wide range of geotechnical problems and it is
used for the prediction of soil response under both static and dynamic loading osnditio
For shallow geotechnical infrastructure interacting with atmosphere, the unsaturated
condition of the soil should be taken into account in both the interpretation of field
measurements and the selection of design stiffness parameters. Whersssfinésred
from field measurements involving shallow unsaturated layers, its value depends on the
state of saturation at the time of the measurement. Since the state of saturation may change
over time, the variation of stiffness with degree of satunasimould be predicted in order
to analyse the geotechnical structure over a realistic range of scenarios. On the other hand,
when stiffness is inferred from laboratory measurements on saturated specimens, models
are needed to extbapatatg shefbdeasar avedhbe

the field.

For the case of smatdirain shear modus of soil in saturatedstate a large number of
models have been proposed over the past decddwes effectof variables such as

confining stress, voidatio, overconsolidation ratio, and strain rate have been widely
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investigated(Hardin & Richart, 1963Hardin & Black, 1968 Hardin & Drnevich, 1972
Hardin, 1978 Iwasaki, et al., 1978Viggiani & Atkinson, 1995a Stokoe, etal., 1995
Rampello, et al.1997 Sorensen, et al., 2010)nder saturated conditions, the macroscale
smaltstrain stiffness is usually fitted by empirical power functions of the aforementioned

variables.

For the case of smatditrain shear modulus of soiis unsaturatedstate a number of
modelshaverecentlybeen proposed to quantify temaltstrain shear modulusvera wide
range ofdegrees of saturatiofMancuso, et al., 2002Mendoza, et al., 2003\g, et al.,
2009 Sawangsuriya, et al2009 Khosravi & McCartney, 20120h & Vanapalli, 2014
Wong, et al., 2014Dong & Lu, 2016) Gy is recognised to be affected by both suction and
degree of saturation, which mamgry independently because lofdraulic hysteresis and
the voidratiod dependency on water retention behaviour. A ¢egstion is how these two
variables control the small strain stiffness and whether they can be combined into a single

variable.

A common approach adopted by several autliors & Vanapalli, 2014Khosravi &
McCartney, 2012 Sawangsuriya, et al., 2009 to derive empirical or semgmpirical
relationships 0iGy using as a stress variabtée product between suction and degree of
saturation(Jommi, 2000 often referred ta s B i effediye &Gtsess for unsaturated

soils

JNNE s Y 60 6 1

where,, is the total stres€) andd are the air and water pressure respectively, #nsl

the degree of saturation.
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An implicit assumption in this approach is that, at the same suctiop,the d uct 0 s u (
times degree f S at increasesi witmah increase in degree of saturation. Since the
degree of saturation along a drying path is higher than the degree of saturation along a
wetting path one would expect the values @Gf to be higher along a drying pathther
than a wetting path. Although an evidenak this has been observeexperimentally
(Khosravi, et al., 2006 a number of experimental investigations show an opposite trend,

i.e. the soil is observed to be significantly stiffer along a wetting path ratemathirying

path(Khosravi & McCartney, 2013,INg, et al., 2009Ng & Xu, 2012)

Inspection of experimental data also reveals that the char@ength suction or degree

of saturation occurs in either a monotonic or-moonotonic fashionQian, et al.(1993)
showed the effect of degree of saturation on the ssiralin shear modulus of unsaturated
sands from a dry condition to complete saturation (wetting path only) in a resonant column
apparatus, obtaining a n@monotonic variation of5o with degree of daration. Similar
results have been confirmed by other researdMasinho, et al., 1995Serthilmurugan &
llamparuthi, 2005Weidinger, et al., 2009Pata presented bighosravi etal. (2016)seem

to suggest that this type of response is linked to tifinests behaviour along a water
retention hysteresis loop. Wh&gincreasesnonotonically with suction, stiffness appears

to be higher along a wetting path. On the other hand, v@emries noamonotonically

with suction, stiffness appears to be lowkmng a wetting path. Ideally, a stiffness model
should be capable of capturing the interplay between these two aspects. However, no

models presented so fare capable of addressirtgs coupling.

This paper first presents an experimental investigatiothefindependent effect of

suction and degree of saturation G Unsaturated sand specimens were tested using a
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modified triaxial cell apparatus equipped with bender elementshdimgingwater column
method was used to explore the soil stiffness behawtbong a water retention hysteresis
loop. A conceptually simple microscab@sed model is then proposed in order to interpret
and predict the evolution @, during hydraulic hysteresis. Finally, the proposed model is

shown to be able to elucidate a ramj responses observed in the literature.

2.2. MATERIALS AND METHODS

2.2.1. Testing materials
The testing material useddas a welgraded sand obtained by mixing different fine,
medium and coarse grained santo obtain a welgradedgrain size distributionGSD),

the mixture was prepared according to a modified Fuller equation:

Ca
|
ge)
=]
|
N

whereD is the passing percentad@js the anticipated sieve siZ®, is the sieve size
corresponding to a paing percentage of 100 % a@dis the sieve size corresponding to a

passing percentage d¥dFigure 2.1 shows theGSD of the tested specimen

The wellgradedGSD allowed the desaturation process to be gradual, resulting in a
smoothwater retentiorcurve.In addition, dfferences in the degree of saturation between
the top and the bottom of tilspecimercouldbe minimised. The physical propertiestio¢

soil specimen are shownTrable2.1.
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To prepare the high aentry filter at the bottom of thepecimen (required to control

suction using théangingwater column methodka silty, cruskd quartz stone kown by

t

he

commer ci

al name of Silica

( mean

parti

properties ofthe Silica filter are summarized iTable 22. The amount of silt used to

prepare the slurry (98 g) was calculated in order to obtain a 10 mmitteck f
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Figure 2.1. Grain size distribution of the soil specimen

Specimen
Height, h 125 cm
Diameter, D 100 cm
Total volume, Vi 977.8 cm?®
Specific gravity, Gs 2.63 -
Dry density, ’ 1.59 glem®
Void ratio, e 0.49 -
Porosity, n 0.33 -
Dry mass,Mq 15543 g

Table2.1. Physical properties of the soil specimen
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Silt filter
Height, h 1.0 cm
Diameter, D 10.0 cm
Total volume, Vi 78.5 cm®
Specific gravity, Gs 2.70 -
Dry density, ’ 1.25 glem®
Void ratio, e 1.16 -
Porosity, n 0.54 -
Dry mass,Mq 98.0 g

Table 22. Physical properties of the silt filter

2.2.2. Laboratory equipment

A triaxial test apparatus was modified for testing spkecimensunder saturated and
unsaturated conditions and measuring the velocity of propagation of mechanical shear
waves (bender element technique). A schematic layout of the equipment is shown in

Figure2.2.

The specimerwas tested along a full water retention hysteresis loop under constant
isotropic confining stress. Cell pressure was controlled via a device that #tlewster
pressure in the cell to bmaintainedwhile also measuringhe water volume changes
occurring in the cell (P/V controller 1 iRrigure 2.2a). Pore-water pressure inside the
specimen was controlled and measured in two different ways dependingetimewthe

specimerwas tested under saturated or qusadurated/unsaturated conditions.

In the former case, the base pedestal was connected to a second pressure/volume
controller device (P/V controller 2 iRigure 2.2a) used to impose theope-water presure
In the latter case, the base pedestal veamected to deightadjustable water reservoir,
with the water mass exchanged with the speciomgtinuously monitoredsinga balance

(Figure 2.2a). Positive/negative poreater pressure was imposed byusting the height
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of the reservoir. Water evaporation from the reservoir was determined by monitoring an

identical water reservoir placed on a second balance.

The bender element technig(8hirley and Hamptgn1977) was usedo obtain the
smallstrain shea modulus by measuringhe velocity of propagation of shear waves
through the specimenThe top cap and base pedestal were modified in order to
accommodate a pair of specially manufactured piezoelectric transducers for transmission
and measurement ofWawves (compression disdsnot used in this study) andv#aves
(bender elements). A detailed scheme of the manufactured top cap and pedestal is shown in
Figure 2.2b. A computercontrolled function generator and oscilloscope allowed the input
signal to be serdand both input and output signals to be recorded respectiwety types
of doublelayered piezoceramic elements were used for the construction of the sensors: a
BIMS-N-PZT5A4-HT x-poled element and a BIMR-PZT5A4HT y-poled element
(Morgan Technical Camics). Since the parallel configuration provides twice the motion
of the series configuration for the same applied voltage, 4@led element was used as
receiver and the-poled element was used as source. The sgfiesbender element was
shielded wih conductive paint and grounded in order to prevent crosstalk effexs&

Santamarina, 2005)
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Water reservoir +

Sand specimen
Balance

Silt filter \{ A
8 Adjustable
I height
B A
P/V controller )
a) . g
Oscilloscope
Function generator
Top cap V) Q
-.@

BE receiver /I

BE source

b) | I *7

Figure 2.2. Schematic layout of the laboratory equipment: a) triaxial cell with measurement and control of

pore water pressure and cell pressanel b) modified top cap and base pedestal equipped with bender

elements

2.2.3. Testing procedure

Stage 1i High air-entry filter preparation
A high airentry filter was formed on the pedestal by consolidating a silt layer. The silt

layer allows the transmissioof the negative poreater pressure to the specimen while

preventing the ingress of air into the water drainage system. Furthermore, it prevents the
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development of large pores at the specimen/filter interface which is likely to occur in

coarsegrainedmatei al s (so called Awall effecto).

A filter paper disc was first placed on the base pedestal and a latex membrane was
placed around the pedestal and fixed with twair@s. A split mould was assembled
around the pedestal, the membrane stretched to thef titye anould and held open by
applying asmall vacuum. A silt slurry with a water content of around 500% was then
gently poured into the mould and allowed to settle for 48 hours. After sedimentation
occurred, excess clear water was drained out of the nimultbnnecting the hydraulic
drainage to the water reservoir (valve B closed, valve A opEigure 2.2a) and adjusting
the water reservoir height until its water level was one or two millimetres above the top of
the silt surfaceThe filter paper betweerthe filter and the pedestal prevented silt loss

through the hydraulic channels during drainage.

Once all the excess water was drained out of the mould, thewdigiconsolidated by
applying suctiorvia the hangingvater column methadlhe water reservowas lowered
in steps, inducing a water flow from the silt filter to the reservbire filter remained
saturatedduring this stage.The porewater pressure in the filter was then raised back to

zero suctiorby raising the water level up to the top of fifter.

Stage 2 Specimen preparation

Once the silt filter had been put in place and consolidated, the sand specimen was
prepared. The material was overnied, mixed and placethto a purposelynanufactured
pluviator to obtaira specimemwith level top suface after pluviation. A schematiayout

of the pluviator is shown irfrigure 2.3. During pluviation the base pedestal drainage

channels were kept open (valve B closed, valve A opefkignre 2.2a) to prevent
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desaturatiorof the silt filterdue to wateuptake by the specimen due to capillarity. Water
uptakeoccurring during pluviation was continuously monitofeg recording any water
exchanges between the specimen and the water reservoir using the bieedowed
thedegree of saturation of the kspecimerto always beknown. After pluviation, he top

cap was placed on top of the speciraéier interposing a filter paper.

Closed position Open position
Sand tank

L~ Perforated

plates

TR
' : =i=
T
H Py
|

Sieve

P

Transparent

cylinder (1)

Mould

| I

Figure 2.3. Pluviator in closed and open position during specimen preparation

Stage 3 First wetting and first drying

After the specimen wapluviated a first wetting path was performed. With the bottom
drainage still connected to the reservdie water level wamisedslightly above théop of
the specimenOnce equilibrium was reached, theass ofexchangd water was usetb
calculate the degree of saturation of the specimen. At the end of thistemgegree of
saturation reached value of 0.85. With the split mould still in place, theeservoirwas

loweredin stepso apply a suctionnake thespecimen able to sesfandand to allowgrain
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rearrangements to take place when the height ofspleeimencould still be measured
directly. For each value of negative hydraulic head the water exchange between the
specimen and the reservoir was continuously monitored and gineedef saturatioof the
specimen was calculatedhe split mould wasthen removed andhte triaxial cell was
assembled on the cell base and filled witkaded waterFinally, acell pressure of 10 kPa

was applied through the pressure/volume controberog(valve C open irFigure 2.2a).

Stage 4i Re-wetting and back pressure application

The specimen was +saturated by raising the water reservoir up abovetdpeof the
specimen As for the first wettingpath the degree of saturation at the end o$ thilage

di dndt r Eharefdre, aifallisatuyation procedure had to be performed in order to
reach a higher degree of saturationX9.95). The base pedestal wiisconnected from

the water reservoir anzbnnected to the second pressure/volumercthet device(valve B

open, valve A closed irFigure 2.2a). The specimen was subjected siepby-step
increments of porgvater pressure (back pressure). During 8tege, cell pressure was
increased accordingly in order to keep the effective stregsdftéihe specimen constint
equal to 10 kPa. Full saturatiovas cosidered to be achieved whéme change in pore
water pressureunder undrained conditions associated with change in cell pressure was

greater than 0.98 of the change in cell presd8+8.98).

Stage 5 Drying and wetting cycle with wave velocity measurements

After the saturation procedure was perforntadpase pedestal wakisconnected frorthe
second pressure/volume controller dewacel reconnected tihe water reservoifvalve B
closed valve Aopenin Figure 2.2a). The hangingvater column method was adopted to

apply suction at the base of the specimen and perform drying and wetting @ycles
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maintaining a constant cell pressure of 10 kidixh valve B closed and valve A and D
open, the water reservoir was lowered/raised in steps inducing a speitmen
reservoir/reservoito-specimen water flow. For each value of negative hydraulic, hiead
degree of saturation of the specimen was calcul&adugh time was allowed for the
porewater within the specimen to reach hydraulic equilibrium with the water in the
reservoir, ranging from 30 to 2500 minut&sce equilibrium was reached for each suction
step, the function generator was used to triggeptbpagation of ahear wave througthe

specimen, while the oscilloscope recatdlee input and output signals.

Stage 6/ Specimen last desaturation and cell dismantling

At the end of the test, the specimen wassarated in a single step to make it self
standing. The cell was then engatiand di smant | ed, femal deight,h e

diameter and water content were measured.

2.3. EXPERIMENTAL RESULTS

2.3.1. Water retention characteristics of the soil specimen

Figure 24 shows the relationship betweethe averagedegree of saturation anithe
distance between the top of the specimen antettet of water in the reservoir (referred to
as Oreser voi r hdaringyfinst wiettinfy, dirst drging,ngudttinge dattiratip
under positive pressureand final dryingwetting cycle. The firstdrying path was
performedwith the split mould still in place (cell pressure equal to zero). The drying
wetting cyclewasperformedwith a confining pressure of 10 kPa. The value of degree of

saturation at the end of the saturation procedure (i.e. aetiieriing of the dryingvetting

cycle point D) was back calculated from the value of water content taken at the end of the
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testand was found to be equal to 0.9@he data pointsassociated with the first drying
(AB) and main drying (DE) appear tead toa similarair-entry value. This implicitly

suggests that negligible deformation was occurring upon the first dogiing

1 . .
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3 L _ _

I A ~. m AR (first drying, CP=0kPa)
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Figure 2.4. Average degree of saturation during first wetting,

first drying, rewetting, main drying and main wetting

The experimetal data shown inFigure 24 have been derived by associating the
average degree of saturation (calculated from the measured overall mass of water within
the specimen) to théeight of the water reservoiHowever, suction and degree of
saturation vary sigificantly along the height of the specimen (12.5 cm). A difference in
suction of 1.22 kPa exists between the top and the bottom of the specimen and this

corresponds to a significant difference in degree of saturation.

In order to derive the water retemi behaviour of the specimen more accurately, an
approach similar to the one adopted by Stanier & Tarantino (2013) was followed. The
water behaviourcurve was modelled by fitting the water volume changes rather than the
average values of stion and degreef saturationLet us consider the specimenhkigure

2.5a. When lowering the reservoir from position 1 to position 2 (drying path), points A, B,
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C and D at different heights within the specimen are akbatarating from a saturated
state. Therefore, tlyeall move along a main drying curve, and reach different degrees of

saturation at equilibrium as shownkigure 2.5¢ (points A2 to D2).

When gising the reservoir from position 2 to position Adure 2.5b), points A, B, C
and D will resaturate from th different states of saturation that they reached after main
drying. Therefore, they will move along different scanning wetting curves as shown in

Figure 2.5¢ (points A3 to D3).
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Q) Pressure Suction

Figure 2.5. Schematic view of the application of suction during a) dryiathpand b) wetting
path; ¢) hydraulic paths followed by points at different elevations in the specimen during drying
and wetting paths.
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To model the water retention behaviour, van Genuetyiea functions (van Genuchten,
1980) were considered for the drg path and the scanning wetting paths. In turn, the
function used to model a scanning path was assumed to be derived from the main wetting
path by O6scalingdéd the main wetting curve

The following functioms were considered:

Main drying: — —
5 3
Main wetting: — — 4
:) z
Scanning wetting: — — 5

where—is the (volumetric) water content- is the residual water content:- is the
water content at suction lowénanor equal to zero (por@ater pressre greatethan or
equal to zero)i is the suction, , € anda are fitting parameters (with p p7¢), and
the superscript§®, 0 andi d@efer to main drying, main wetting and soarg wetting path

respectively.

For the main drying curve, the wwhetric water content at suction lowileanor equal
to zero— was derived from the volumetric water content measured experimentally at the
positive porewater pressre (backpressure) of 500 kPahe parameters , € and—
werederived by matching the overall volume of water measured at each suction step upon
the drying path with the integral of the main drying retention function (Equ8jiaver
the height of the specimen (a hydrostatic distribution of suction was assumed at

equilibrium).
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For the main wetting curve, the volumetric water content at residual state and at
suctions lowethanor equal to zero were assumed to be equal to the values associated with
the main drying path— k — and— k — respectively. Since the experimental data in
Figure 2.4 showed an average degree of saturation significantly lower than unity when the
reservoir was level with the top surface of the specimen, an additionahgiara® was
introduced in the van Genuchten equation representing the value of negative suction (i.e.

positive pressure) leading to a volumetric water content equal.to

For the scanning wetting curves, the parameterwhich i the fictitious residual water
content used to scale the scanning wetting curve from the main wetting curve, was derived
by imposing that the scanning curve intersects the main drying curve at the value of

suction at the end of the drying path (level Figure2.5a-b):

To calculate the volume of water of the specimen along thengeoath, the specimen
was divided into four slices as shown kigure 2.5a-b, each slice following a different
scanning pathThe parameter®, | , and¢ were derived by matching the overall
volume of water measured at each suction gfm the wetting path with the integral of
the four scanning retention functions over the height of the slice (Equgtidie main
drying curve, main wetting curve and scanning wetting curves derived from this best
fitting using the leassquare methodra shown inFigure 2.6, and the corresponding fitting
parameters are reportedTiable2.3. For comparison, the experimental data in terms of the

average suction and degree of saturation are also shown in the figure.
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Figure 2.6. WRCs for main drying, maiwetting and scanning wetting paths

using van Genuchten functions

V3 0.25
n¢ 4

Vg 0.12
n" 5.98
s -6.85

Table2.3. Parameters of the water retention functions

2.3.2. Wave propagation results and interpretation

At each suction step of the dryhwgetting cycles, the velocity of propagation of a shear
wave was derived using the bender element technique. A sinusoidal signal with a
frequency of 5 kHz was adopted as input signal for the transmitter bender element. The
waveform and input frequency used in thisdst were chosen to guarantee a reliable
measurement of the arrival time. The adopted input frequency allowed the output signal to

be detected easily during the whole test. The sinusoidal waveform was observed to cause
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smaller ambiguity in arrival time thaother types of waveform, such as squsiaped

signals(Blewett, et al., 2000Leong, et al., 2005¢/iana da Fonseca, et al., 2009)

Figure 2.7 shows the input signal and some of the output signals recorded during the
tests. Each raw output signal wadjsat tofiltering (Butterworth, low pass filter of order
1) and basdine correction prior to travel time interpretation, in order to remthee
undesiredeffect of background noise without affecting the signal characteristics. Once
each output signal wdstered and corrected, the velocity of propagation of the shear wave

through the specimen was calculated as
., 0
W
5 7

wherew is the sheawave velocity,0 is the travel length andis the travel time of the
wave. Three lender elementmeasurements were taken for each suction step. The final
value of sheawave velocity for each step was then calculated as the average of the three
measurementsThe difference between the minimum and maximum of shearwave
velocities in he triplicate measurement was found to be less 1thafbo of the average

value.

The travel lengthd was taken as thep-to-tip distance between source and receiver
bender elementsThis approach has been widely adopted in the literafingvik &
Madshus, 1985Viggiani & Atkinson; 1995aFernandez, 2000As the cell pressure was
kept constantluring the drying-wetting cycles, volume changes occurring in the cell and
measured by the pressure/volume controller (P/V controller RBigare 2.2a) could be
attributed to changeis the volume of the specimernder the assumption of isotropic
behaviarr, the axial deformation and, hence, tigpto-tip travelling distancecould be

inferred from the volume chang&he total axial deformation was found to be ldssn
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0.37 % of the specimen height, resulting in a maximum error orsktie@afwave velociy

DVs = £ 0.35 m/swhich was assumed to be negligible.

The determination of the travel time is more controversial. Although many researchers
have proposed different approach@yvik & Madshus, 1985;Viggiani & Atkinson,
1995a; Viggiani & Atkinson, 1995hJovicic & Coop, 1997 Santamarina & Fam, 1997)
there is still no agreement about the most reliable method for travel time interpretation. In
this study, the travel time of the wave was chosen as the time interval between
characteristic points (first majeaks) of the input and output signals. This procedure is a
simple alternative to moreomplexmethods such as creserrelation or crospower of
the transmitter and receiver sign@ldggiani & Atkinson, 1995a)Although the resulting
absolute values afiave velocity might be slightly less accurate, changes in stiffness during
the test can be determined accurately as long as the choice of the arrival time is consistent

throughout the analysis of the d@¥aggiani & Atkinson, 1995b)
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Figure 2.7. Examples of inpusignal (sinusoidal puls@ndcorrected

output signalsvith identification of first main peaks for travel time

interpretation
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2.3.3. Small-strain stiffness calculation
Interpretation of bender element tests is based on the assumption thalt bieth@es as a
linear elastic material at very small strain. Biear modulus cahenbe determined from

the elastic wave propagation theory as:

0 "w 8

where” is thebulk density of the soil specimen aad is the velocity of te shear wave
propagating through the sampkagure 2.8 shows the evolution of thesmallstrain shear
moduluswith the relative distance between the top of the specimen and the water level in
the reservoirlt appears thal increases significantly wh suction, andhe soil appears to

be stiffer uporawetting pathrather tharadrying path
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Figure 2.8. Small strain stiffnessvolutionduring hydraulic hysteresis
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2.4. MICROSCALE -BASED MODEL FOR G, IN UNSATURATED
SOILS

The approach followed in this papgermodel the independent effect of suction and degree
of saturation on the smadltrain shear moduluS, consists of linkingG, to an unsaturated
intergranulastress, , which depends in turn on both suction aedree of saturatiomhe
intergranular stress is derived from equilibrium considerations at the padalke by
assuming that water at the inaairticle contacts is present in the form of either bulk or
meniscus water. The functional form that links grmeallstrain shear moduluto the
intergranular stress iderived on the basis of simplified mienosechanical modelsThe

different steps to deriv@g as afunction of,, are schematically illustradein Figure 2.9.

Readl soil packing Idealised soi? packing Inter-particle contact
— -1 k,, k, -
Macroscoplc stiffness MlCI‘OSCOplC stlffness
-l\vercgmg\omme
4& il
G, i :5
Macroscopic stiffness
- - V
Saue
‘i-
a. — f —_
t“ ' Macroscopic intergranular stress ...........Microscopic intergranular force

bf

=g (fr)

Figure 2.9.Schematic illustration of the proposed model: from macroscopic

intergranular stress to macroscogiffness
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Macroscopicintergranular stress of unsaturated packings

The degree of saturation/suctiodduced intergranular ss,, , may be formulated by
considering an idealised packing of equal spheres in an ordered struetuns. consider

the idealisedunsaturated packing as shown kigure 2.10, and let us assume that the
contact area of each pair of spherical partickes ipoint. The twgphase fluid can be
described as the coexistence of a region fully occupied by bulk water (saturated region)
and a region occupied by the menisci al@®so et al. (2005) derivegh expression of the

intergranular stress of the wnsaturated packing as:

where"Y is the total degree of saturatiolY, is the residual degree of saturation (degree
of saturation of the regn occupied by the menisci along),is the total stress, is the
intergranular stress in the bulk water region, and is the intergranular stress in the

meniscus water region.

The first term in square brackets takes into accountdméribution of suction to the
intergranularstress in the saturated region, whisldirectly proportional to the suctioaq
, Kk 1). The second term in square brackets indicates the contribution of suction to the
intergranular stresg the menisus water regionThe two contributions of suction in
Equation9 are weighed by functi@of the degree of saturation based on the assumptions
that i) the areal degree of saturation equals the volumetric degree of saturation and ii) the

variation of the vlume occupied by the meniscwith suction can be neglected.

To explore the nature of the intergranular stress at the meniscus contact, it is convenient
to examine the case of two rigid spherical particles with point contacbrding toFisher

(1926),, is given by:
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i 10

where—is the angle defining the position of the meniscus junctios the particle radius,
and”Yis the surface tension. The anglgs related to suction according to thdldwing

equation:

p p
i — p 1 p O0WE —

By combiningEquation D andEquation 1., the relationship between the suctioand
the intergranular stress in the meniscus water regiaran be derivedFigure 2.10b
shows the variation of with suction for the case 6= 0.072 N/m and = 0.1 mm
with —ranging from 53° (roughly corresponding to zero suction) to 2@ the purpose of
comparison, théulk water intergranular stress is also plotted. It can be seen that

can be assumed practically independent of suction

Accordingly, the assumption made in the proposed model is, thas independent of
suctionevenfor the case ofeal, nonspherical particles. Irhts case, however, ¢hvalue of
, cannot be derived usingquation D but hasto be calibrated experimentally as

described later on in the paper.
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Figure 2.10. Unsaturated soil packing: a) idealised unsaturated soil; b) evolution

of the integranular stress in the meniscus water region and in the bulk water

region with suction

Micro-mechanical model: from macroscopicintergranular stress to microscopic

intergranular force and stiffness

In order to derive the functional form linking the maomsic intergranular stress in
Equation 9to the shear modulu§, a micreomechanical model was used, based on the

implicit assumption that the pordluid is homogenous and at zero pressure (e.g. air).
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Existing micremechanical models allow to derive general expressions gh#teoscopic
intergranular stress tensor,” , of an idealised packing of discrete particles as a
function of the microscopic intergranular foricdeveloping at each particle contagsing
different averaging techniques (elgao & Chang,1997 Kruyt & Rothenburg, 1998
Kruyt & Rothenburg, 2001 Using the particlen-volume averaging method, the following

expression can be derivelduding, 2004; Luding, 2005)

whereV is an averagingepresentative volume within the packing is the number of
contacts contained in the averaging volures the component of thebranch vector
connecting the centres of particles in contact, the apedicates the single contacts
within w, 1) is the generic particle occurring withily and| ,f are subscripts that indicate
the combinations of the vertical and horizontal directions. In this study, only the normal

z

component of the intergranular stress tensor was consjdered y o

a"Q 13

wheref is intended as the normal component of the fdreeveen two particles in
contact In turn, the forced can be derived as a function thfe normal stiffness at the

cortact,’Q, and the relative displacement in the normal direction,
nQ nQ’?‘Qﬁ 14

Following the Hertzan contact mode{Figure 2.11), the force"Qcan be derived as a

nontlinear function of (Love, 1927)
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"0 —.-Q (.I T 15
whereQ is amaterial constant depending thve characteristics of individual particles.
In this study,Q is a model parameter determined experimentallyismissed later on in
the paper.
Using Equation 15 the incremental stiffnes§) can be writén in terms of the forc®

and themodelparametefQ as:
o, o —
Q — E'm T - ' 16

In order to calculatehe shear modulus of the packing (as described in the following
paragraph)a tangential sffness at the contacf) was also introduced. For the sake of

simplicity, the tangential stiffnes® was assumed to be equal to a fraction of the normal

stiffnessQ:

. C.

Q -0 17
X

Intergranular force,

Relative displacement, §

Figure 2.11Hertzian contact model
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Micro -mechanical model: from microscopic stiffness to racroscopic stiffness

The simplest approach to derive the macroscopic stiffness of idealised aggregates of
identical, randomly distributed spherical particles is basethemmearfield theory (e.g.

Digby, 1981 Walton, 1987. The theory assumes thatividual particles move according

to an external uniform strain field. Starting from this assumptimemacroscopic stiffness
tensorcan bederived (e.gLiao & Chang, 1997Kruyt & Rothenburg, 1998Chang and

Hicher, 2005i.uding, 2004 Luding, 2005:

6 (% W ajceii: Q  AjcE o0& o 18
where| , T, T, % are subscriptghat indicate the combinations of twertical and
horizontaldirections,and & and 0 are thecomponents of theormal and tangential unit
vectorat contactespectively andk, andk; are nonlinear stiffness given bfquations 16
and17. The shear magdus is associated witthe termo of the stiffness tenspwhere

1 and 2 are the verticaland horizontaldirection respectivelyDifferent expressions of

o can be derived depending on the particle configuration.

Micro -mechanical model:regular packings

A simplified approach for deriving and,, © was followed in this study, i.e. the soil
aggregate was idealised as a packih@enticalspherical particlegn a regular structure.
The latticetype geometry of the system allows derive explicit expressions dhe
macroscopidensors.As an exercise, two different configurations (simple cubic, SC, and
body centred cubic, BCC) were selec{étgure 2.13 in order to ascertain the validity of

the model irrespective of the choicktloe particle configuration.
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b)

Figure 2.12Idealised particle configuration: a) simple cubic (SC) and b)
body centred cubic (BCC)

For the case db6C configuration(Figure 2.12a), the elementary averaging volurags
a cube whose inscribed sphere is a single paficlequally, a cube containing eight 1/8

of a particle, whose corners are the centres of the particles):
{do ¢ 19

Thus,both, © and6 can becalculatedrom Equation12 and 18 respectivelyas an

average over 6 contacendarerepresentative of the overatblume:

o
-|| g, ”Z E, ‘anQ c—’“Q 20
® ®
. pa . L a.. co.,
— Q Q —-Q —-—=710
{ &6 o3 EEEE €080 - o 21

For the case of BCC configuratioRigure 2.12b), the elementary averaging volume is a

cube containing a total of 2 particles (one whole parptdeed in the centre of the cube,
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plus eight 1/8 of a particle placed in each corner of the cube), whose corners are the centres

of the eight particles surrounding the par

| Feo  —i  —=i 22
No oo

Thus,both,, “ and6 can becalculatedirom Equation12 and 18 respectivelyas an

average oveB contactsfor each of the 2 particles within the averaging voluare] are

representative of the overall volume

| F&” (%c aQ p—d:‘"‘Q 23
) pa . Cy iy Oy pPq gy,
| Fgo o © Q t&te Q toto oL 50 (p_a_bQ 24
FromEquation 20 and23, we have:
a0 o 25
| ree o 26

By combiningEquations 2 and 24 with Equation b and Equations % and 26, two
possible functional forms (one for each configuration) that link the shearlusaglu
with intergranular stress® can be derived. These functional forms were assumed to also
characterise the relationship betweendhmllstrain shear moduluS, of the unsaturated
soil specimerand thesuctioridegree of saturatiemduced intergranular stress . In other
words, 0 was replaced b{O and, “ was replaced by (the latter given by¥quation

9), leading to the following expressians
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2.5. CALIBRATION AND VALIDATION OF THE MODEL

2.5.1. Calibration against experimental data

The proposed model wasalibrated andvalidated against the experimentasults
obtainedn this study Two model parameters need to be identified, narelyand, . In
the macroscopic model, these parameters should be intended as macroscopic parameters
with an intuitive physical micrscale meaning. In particulai) does not represent
anymore a material property as in the miotechanical model, butraodel parameter that
accounts for a number aharacteristics of the real soil packing including the particle

stiffness, particle shape, particle size distribution, particle arrangements etc.

A calibration procedure was devised to deternbeand, against the smabtrain
shear modulus at saturatiof® , and at residual saturationO , respectively An
equivalent particle radius df¢ 'O j ¢ was also selected (although it can be shown
that the choice of the emalent particle radius does not affect the performance of the

model, as it would just lead to different valwésQ and, ).

Calibration of 17 at saturation
The measurement 6O was taken at the beginning of the dryingthpaafter the
saturation procedureln this case, the intergranular strassEquation 9 equals the

confining pressure (cell pressuge, ) only:
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. om A B 29

The model parameté2 can therefore be derideby invertingEquations27 and 28

with'™O "0 ,, . ,anda ci:
W j
- pt 10 30
Q -
{ & TR
7
. qu 10
” FGQ = 7 31
po __;
n

Table 4shows thecalibratedparametefQ for SC and BCC configurations

knO ﬁim
[kN/m®?3 | [kPa]

99503.6 22.7

40084.5 22.7

Table 2.4Model parameters,ka n ¢, G

Calibration of | at residual saturation

The measurement of the second parameter needed for calibi@ionwas taken at the
end of the main drying path, whéi¢ Y . In this situation, the intergranular stressn
Equation9 dependson the confining pressure and on the (unknown) intergranular

stress at meniscus contagts, regardless of suction:
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"o "o 32

The model parametgr can therefore be derived by invertibBguations27 and 28

with™O O ,, y ., ,andd ci:
p pTtTiO

1. s So57 - 33
ol ¢yYi™o

|| F . " 34

¢ ppoQ 7

Table 4shows the parameter for both SC and BCC configurations. As a result of the

calibration procedure against the experimental data, the valyesarfe identical.

2.5.2. Validation against experimental data

Once the parametgr wasderived at residual saturation, the intergranular stressd
the corresponding intergranular foragas calculated(Equation 9 and 25 for SC and
Equation9 and 26 for BCC). In particular, n order to take into account the variability of
the degree fosaturation within the specimen, bounding valueshef intergranular stress
(corresponding to bounding values of the stiffnéss ) were estimatedior the lower
bound solution, the degree of saturatappearingn Equation9 was calculate@longthe
drying and wettingpathsusing themain dryingand scanning wettingan Genuchtertype
curves respectively(Equation 3and 5), with suctions equal to the valugeof suction
corresponding to the bottom height of the specifiégure 2.13b-c). The same @proach
was followed for the calculation of the upper bound solution, but with sustamual to
the values of suction corresponding to the top height of the speckigurg 2.13b-c).

Fromthe value of Q previously calibrated, the stiffness vali@sand™Q for the upper
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and lower bounds wemalculated foeachcombination of suction and degree of saturation

(Equation16 and17), andwerethenused to derivé® (Equation21 and?24).

Figure 2.13a shows the comparison between the valuesSgfobtained experimentally
and tle simulatedstiffness6 . The modelgives an accurate prediction of the small
strain shear modulus during hydraulic hystereBige variation ofGy with sudion is well

captured at a quédtive and quantitative level.
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Figure 2.13.a)Vvariation of G and upper and lower bousidf C;,;,during
drying-wetting cycle; schematic view of the values of suction and degree of
saturation for the calculation of the bounding valueSef, during b) main drying,
and c) scanning wetting
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2.6. DISCUSSION

The proposed modefor small strain shear modulus of unsaturageahular materialsvas
usedto elucidate the mechanisms behind ddfer patterns of small strairesponsen
unsaturated granular materialfwo key responsesvere explored soils have been
observed toexhibit a stiffer behaviourlong either a drying or a wetting path and the
mechanisms leading teither behaviour are dti unclear furthermore, Go has been
observed tovary with suction ineither a monotonic or nemonotonic fashion. Again, the

fundamental mechanisms behind either response have nevexxpeemded.

2.6.1. Influence of thebreadth of the water retention curveson the
variation of Gy

Let us consider two ideal soilspil A and soilB. Let us assume that tls®ils show the
samesmall strain shear modulus at saturati™ and residuastate "'O . Under these
circumstanceshe parameters ofétproposed model) and, , will be the same for the

two soils.

Let us now assume that the breadths of the mvaber retentiorcurves aralifferentfor
thetwo soilsas an effect, for instance, of their different grsime distributionsSoil A is
characterised by a water retention behaviour that develops over a range of typatin
of a coars@yrained soil whereas the water retention curves of the Baélxtend over a
wider suction rangalue to the prsence of finer particle@igure 2.1448). Let us also

assume that the two soisach the same value of residual degresagiration;Y .

The small strain stiffness returned by the model for the two soish@svnin Figure
2.14b. soil A appears to bstiffer upona wetting path and showa monotonicvariationof

Go with suctionupon both wetting and dryingimilarly to the behawur observed on the
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majority of the experimental investigations carriediauhe pasbn unsaturated soils (e.g.
Khosravi & McCartney, 201INg, et al., 2009Ng & Xu, 2012) On the other hand, sdil
is stiffer upona drying path and exhibits a nemonotonic variation ofGy with suction

upon both drying and wettings observed by other researchers (e.g. Khosravi et al.,. 2016)

In particular, it is worth noticing that the n@monotonic variation of5y with suction,
tentatively attributed in theexisting literature to coarsgrained soils only (Oh and
Vanapalli, 2014; Khosravi et al., 2016), is exhibited herestny B (containing finer
particles)rather tharsoil A (coarsegrained soil).This finding suggests thalhe evolution
of Gy with suction depersl on a combination of factors involving the water retention

behaviour of the soil, rather than being a direct result of the soil type.

Indeed, he reason for this different behaviolies on the evolution of the unsaturated
intergranular stress during wietg-drying cycles of the two soil$-igure 2.14c shows he
suctiorinducedintergranular stress in the bulk water regjon(saturated contacthd the
suctiorinducedintergranular stress in the meniscus water region(meniscus contact)
versus suction. The stress coincides with suction whereas is constant as discussed

in the previous section.

For soil A, the intergranular stresat the saturated contactever exceedsthe
intergranular stresat the meniscuscontact Under these conditionghe wholewater
retention behavious contained in a range of suction where the contribution of the menisci
to the intergranular stress is always higher than the contribution of sattibe saturated
contact Since the effect fothe menisci is more significant along the wetting path, i.e.

where the degree of saturation is smaller, the soil exhibits a stiffer behaviour upon wetting.
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The picture is different for soiB. The intergranular stresat the saturated contact
crosses th value of the intergranular stragsnerated by theeniscias suction increases
The intergranular stress in the bulk water redimtomes higher thatihe intergranular
stress in the meniscus water region as suction increases. As a resatiil thecones
stiffer upon a dryingpath because¢he degree of saturation is higher and the region
occupied by the bulk water largerthan the region occupied by the menisci. In this case,
the variation ofGy with suction becomes nemonotonicand this is associatewith the
average intergranular stress initially being dominated by the intergranular stress in the bulk
water and then controlled only by intergranular stress associated with the menisci at high

suction.
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Figure 2.14. Influence of the breadth tifie water retention curve on the
variation of G for soil A and B: a) water retention curves; b) variation of G
with suction; c) variation of intergranular stress with suction
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2.6.2. Influence of meniscus intergranular stress a the variation of G,

Let us nowconsider the case af loose soil containing fine particlésil C) anda dense
coarsegrained soil (sil D). Although soil D is characterised by the presencelafer
particles,its higher density could bring the antry suctionof soil D to a value smilar to
soil C, in turn resulting irthe same \ater retention characteristit® the two soil§Figure
2.15a). Let us also assume that the two soil exhibi same value of smadlrain shear
modulus at saturatiofO  but different values of smaditrain shear modulus at residual
saturation 'O  as a result of the different grasize distributionsin this case, the
parameterQ will be the same for the two soils, whije will assume two different

values(higher for the case of finer particles)

Figure 2.15b shows the results of th&mulationfor soils C and D. Soil C (,
o 1Q0 Yexhibits a stiffer behaviour upon wetting, with a monotonic variation of the small
strain shear modulus with suction. Sdil (, L QU )dis instead stiffer upon drying,

with a normonotonic variation o,.

Once again, it is demonstrated that the evolution of the smtmalh stiffness depends on
the evolution of the intergranularressduring hydraulic hysteresisather than on the
grainsize distribution onlyFor soil C (containing finer particlesthe intergranular stress
at the saturated contact (bulk water regi@mpains smaller than for the whole range of
suction(Figure 2.15c), causing the soil to be stiffepon awettingpath andG to increase
with suction in a monotonic fashion. For sdil (containing larger particles)the
intergranular stresst the saturated contabecomes higher thap within the water
retentionsuction range, causing the soil to become stiffgon adrying path andsg to
increase with suction in aonmonotonic fashionThe same nomonotonic behaviour

observedby Khosravi et al. (2016) for the case of unsaturated sandy saild therefore
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be attributed to a similar evolution of the intergranular stress during hydraulic hysteresis,

rather than to the graisize distribution of the soil.
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2.7. CONCLUSIONS

The paper has presented a simple conceptual model fenthlk strain shear modulus of
unsaturated granular soils basena micremechanical approacifhe model accounts for

the independent effeadf suction and degree of saturation soil stiffness It is based on

the knowledge of the water retention curves during wetiying cycles, and on two
parameters that canebeasily calibrated against the small strain stiffness measured at
saturation and at residual state. The performance of the model was assessed against
experimental dat@n an unsaturated sanspecimen The soil stiffnesssimulated by the

model along a dryig and a wetting path captures the behaviour observed experimentally
both at a qualitative and quantitative lev@lhe model captures the higher stiffness
observed along a wetting paththat¢hée r ess vari abl e obtained a

degreen f s a t (Bri & thdstEss)$ails to predict.

According to the proposed model, teeolutionof Gy is controlled by the evolution of
the unsaturated intergranular stress stater a hydraulic hysteresitoop. In particular,it
has been shown thahe breadth of the water retention cumed the intensity of the
intergranular stress due to the presence of the menisci have an effégs. drhe
combination of these effects can lead to differpatterns of Gy during hydraulic

hysteresis.

When the intggranular stress at meniscus contacts is higher than the intergranular stress
at saturated contacemnd/or the water retention curves develop over a relatively narrow
suction rangesoil is stiffer during wetting, and the variation @f is monotonic for bth
drying and wetting paths. When the intergranular stress at meniscus contacts becomes

smaller than the one at saturated contant¥or the water retention curves develop over a
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relatively large suction rangéhe soil becomes stiffer during drying, amlde variation of

Gy is norrmonotonic.
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ABSTRACT

The micromechanicahteractionsbetweenindividual couples of clay particlesannot be
investigated experimentally in a direct fashdwre to the small particle sizas opposed to
granular materials. A suitable approach for understanding the meahgrocesses
occurring at the microscale consists of carrying out indirect experimental investigations by
modifying particleto-particle interactions. On the basis of thelirect experimental
evidence, possible intgrarticle interactions can be selettand translated into a DEM
framework, which in turn can be validated by probing the response of the discrete
assembly against the observed macroscopic behavioDEM model was developed in

this study with ontact laws inferred from indirect experimdrggidence at the microscale
regarding the mechanical interactions at the ddgace contact anthe electrachemical
repulsion between particle facd$e adopted contact laws were successfully tested against
the ability of the DEM framework to reprodeiqualitatively the compression behaviour of
clay observed experimentally. Specific aspects of irreversible and reversible compression
behaviour were considered, including the effect of different-floi@ chemistry (pH and

dielectric permittivity). The antact laws presented in this work were intentionally simple
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(i.e. piecewise linear functions) to explore their potential for capturing the main features of
the macroscopic response of ractive clays and, hence, corroborating the underlying

micromechanial concept.

3.1. INTRODUCTION

The macroscopic response of geomaterials is controlled by the processes occurring at the
microscale (i.e. the interplay between inparticle forces and particle arrangements).
Understanding these processes is key to interpxgerimental data and to inform

6continuumd macroscopic constitutive model

For the case of granular materials, microscale proceésbe contact between couples

of particleshave beerdirectly investigated in terms of the interparticle for¢Eavarréta,

et al.,, 2010)and particlekinematics (Ando, et al., 2012aAndo, et al., 2012b The
microscopic mechanisms observed experimentally can therefore be translated into Discrete
Element Method DEM) models, which have been widelged as a virtual labaday to
investigate fundamental aspects of the behaviour of granular mat&@iasillivan, et al.,

2006, induding strain localisationKawamoto, et al., 2018lwashita & Oda, 1997
inducedanisotropy(Guo & Zhao, 201p crushing Thornton, et al., 199 Cheng, et al.,

2003 Bolton, et al., 2008 wave propagatio and small straistiffness Mouraille, 2009;

O6bDonovan,) et al ., 2012

On the other hand, microscale processes in clays cannot be directly investigated
the small size of individual cjaparticles Interparticle forces in clays may be electro
chemical in nature, in contrast to the conventional mechanical interactions that characterise

granular materials. Due to the lack of direct observations of such interactions, the choice
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and implematation of suitable contact laws into DEM models for the case of clayey

geomaerials is not straightforward.

DEM simulations of clay behaviour have been performed by Anandarajah and his co
workers (Anandarajah & Chen, 199Anandarajah, 20Q0Yao & Anandaajah, 2003
Anandarajah & Amarasinghe, 201Forthe case of neactive clay, Anandarajah assumes
that particles possess a uniform negative charge, and that attraction between particles is
drivenonly by the shorrange van der Waals forcé&nandarajah2000) By addingthese
contributions to the conventional mechanical ipgarticle interactions, the authors
obtained numerical results that compared reasonably well with the soil behaviour observed
in the laboratory. A criticism of the assumption madeAimgndarajah and eworkers is
that interparticle forcelisplacement constitutive laws are built on a purely theoretical
basis, with no direct experimental evidence of their validity at the micro$aatihermore,
the dactivati ond difficult o justify rrthe Aerage smtgrdrtwle c e s

distances occurring in natural clays.

Microscopic mechanisms occurring in clays have been investigated indirectly by
Pedrotti and Tarantino (20170sing a combination of Mercury Intrusion Porosimetry
(MIP) and Scanning Electron Microscope (SEMom the experimental data, they
inferred thatparticle edges are charged positively for an acidic-flare (as is the case of
ordinary laboratory water) and particle faces are charged negatively. Reversibieran
reversible microscopic mechanisms resulting from the charge distribution on clay particles
were then described in a conceptual migrechanical model. In the absence of direct
experimental evidence, a step forward in the investigation of the migaseghanisms

would consist of selecting possible infarticle interactions, translating them into a DEM
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framework, and probing the response of the discrete assembly against macroscopic clay

behaviour.

This paper presents a DEM validation of the misrale mechanisms inferred by
Pedrotti and Tarantino. To this end, a numerical DEM framework to simulate aggregates of
clay particles is introduced in this work. Constitutive contact laws were designed on the
basis of the conceptual miemechanical model. gsemblies of spherical primary units
were created to form reshaped particles in a psed#D environment (3D particles in a
2D displacement field) using the open source C++ code MercuryDPM
(http://www.mercurydpm.org/). Attractive and repulsive leaggeforces were added to
the contact laws in order to simulate the positive/negative charge characterising the clay
particle surface. Each rod was designed to behave as a single unit thanks to an additional

Obondingd i nteract i onrsphevds betohging te theashneeod.t o st

The contact laws were tested against the ability of the DEM framework to reproduce
qualitatively some aspects of the compression behaviour of clay observed experimentally.
These include the effect of the pdhaid chemstry (pH and dielectric permittivity) on the
virgin loading and unloadingeloading lines, and the dependency of the slope of the
unloadingreloading compression curves on the-poasolidation stres3.he contact laws
presented in this work were intentally kept simple to explore their potential to capture
the main features of tdaetmaedostapi andes

the underlying micranechanical concept.
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3.2. BACKGROUND: CONCPETUAL MICRO -MECHANICAL
MODEL FOR NON-ACTIVE CLAYS

Pedrotti and Tarantino (2017) formulated a conceptual rmeohanical model describing
the mechanisms underlying reversible and-rerersible compression of nattive clays.

The conceptual model was based on the results of an extensive experimestajativa

into the microscopic and macroscopic behaviour of kaolinite, including Mercury Intrusion

Porosimetry (MIP), Scanning Electron Microscope imaging (SEM) and oedometer tests.

The model was based upon the assumption that both mechanical anddatlentrcal
forces affect inteparticle interactions. Coulombian forces, due to the presence of
permanent charges on the surface of clay particles, were assumed to be the only electro
chemical forces controlling the interaction between clay particles. Raftices were
assumed to be negatively charged due to isomorphic substitution of cations, whereas
particle edges were assumed to be either negatively or positively charged depending on
whether the pH is alkaline or acidic respectively. A schematic repeg®en of the

microscopic mechanisms inferred by Pedrotti and Tarantino is shawigure 3.1.
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Figure 3.1. Schematic representation of the conceptual micromechanical model by Pedrotti & Tarantino

(2017)

For an alkaline porfluid, the negative charge bbth particle faces and edges generates

a repulsive Coulombian force, preventing particles from creating a contact and resulting in

asubpar al I-tefladdd@ceonfi gurati on.
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For an acidic por#luid, the positive charge of the particle edges and the negative

charge of the particle faces were assumed to generate an attractive Coulombian force,

resulting in the creati n

of-tobadgé
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bet ween par:t

was assumed to cause both reversible andrengrsible micremechanisms. Reversible

mechanisms refer to the case when particles in contact, subjected to loading or unloading,
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3.1). On the other hand, nawversible volume change was attributed to the loss of-edge
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to-face contacts (i.e. slippage or normal detachment) due to external loading (mechanism

0 i i Figure B.Y). After contact disengagement, particles were assumed to dispose in a
subpar al |I-tef addd@ceonfi guration and, hence,
only.

Finally, for both edgdo-face and fac#o-face configurations, the rgaitude of the
repulsive Coulombian interaction controlling the distance between particles during
loading/unloading reversible paths was assumed to be controlled by the dielectric
permittivity of the porefluid, U In particular, small values of the dielectric permittivity of
the porefluid (e.g. air) were assumed to give rise to high repulsive/attractive interactions,

and viceversa.

3.3. DISCRETE ELEMENT METHOD FRAMEWORK

In this work, the Discrete Element Meth@@undall & Strack, 197Pwas used to simulate

the behaviour of a neactive clay subjected to-l2 loading and unloading. DEM analyses
describe the particl®-particle interactions occurring within particle aggregates. In basic
DEM models, particles are mdtbzl as disks (D analysis) or spheres-(3 analysis). The

contact forces and torques acting on each particle (either due to the interaction with other
particles or due to the interaction with the domain boundaries) at the beginning of the
analysis haveat be selected as the basic input. Once the forces and torques are known, the
dynamic motion of the particles is deter mi

for the translational and rotational degrees of freedom.

The simplest contact model debing the normal mechanical interaction between pairs

of spherical particlesQ, involves a lineaelastic repulsive force (particles repel each
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other with no energy loss) and a linear dissipative force (acting against the relative velocity

and resulting in a loss of energy), as in Luding (2008):

i T

Q Q 0 h Tt

wherg andu are the normal overlap and the normal relative velocity between sghere
and spheré&espectively (taken on the line connecting thetiess of the spheresy) is the
normal stiffness at the contact, andis the damping coefficient. A nexero tangential
interaction "Q can also be consideredirising when spheres in contagt ( 1)

experience a relativagplacement in the tangential direction:

Q tQ

wher "Q is the tangential stiffness at the caitfa and0 arethe relative tangential
displacement and the relative tangential velocity respectivelg the tangential damping
coefficient,and{ is thefriction coefficient. The tangential contact model can be extended
to the rotational degree of freedom by introducing a rolling resist@hcecalculated by
substitutingthe termg ,’Q, 0 andr in Equation 2with the relative rotation , the
rolling stiffness™Q , the rolling velocityd and the rolling damping coefficierit

respectively.

Starting from the basic interactions describe&guatiors 1 and 2 two specific aspects
of clay DEM modelling were addressed in this study: a)ctleation of elongated particles
rather than spherical particles, and b) the introduction of additional-patécle

interactions to simulate the effect of the positive/negative charge carried by clay particles.
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3.3.1. Modelling elongated rodlike clay particles

Kaolin clay particlesnaturally occur as small hexagoislaped elements, with particle
sizes usually falling in the range 0110 pum. Particles are typically elongated, and the
ratio between the thickness of a particle and its main dimension idyuauaind1/10
(Mitchell & Soga, 200k In 2D analyses, kaolin particles can therefore be schematised as

rod-like elements, having atb-10 ratio between thickness and length

In this study, spheres were used to creatdikedparticles constrained so @smove in
a plane (pseud@D framework). Each sphere represents an elementary DEM patrticle, i.e.
initial information such as dimensions and density were assigned individually to each
sphere, as well as tleontact law parameterslowever, an additionalttaactive force was

introduced to 6bond6 t ogetlikeparticlesr oups of s

0 0 3

where™Q s the attractive force bonding together spheres in the saméXois, the
normal stifness at thecontact (as forEquationl), and is the desiredoverlap
betweenspheres belonging to the same rod (input parameter). Therefore, although each
sphere was treated separately as an elementary unit, each group of spheres fasthing a r
behaved as a single elonghtparticle (similarly to crushable particles or deformable
agglomerates modelled Byhornton, et al1996 Cheng, et al. 20Q3Bolton, et al.2008

Ueda et al. 2013, Asadi et al., 2018

For the sake of simplicity, equal rodd 19 spheres were considered in this study
(Figure 3.2). The overlap was taken as being equal to the radius of each sphere, in
order to obtain a thicknegs-length ratio for each rod equal to 1/10. The properties of the

elementary spheres used in this work are giveffable 3.1. The assigned properties
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yielded a constant collisiotime 0 = 2.6e9 s and a restitution coefficient equal to 0.9. A

constant time stefaken ag0 T8t © could therefore be used.

Figure 3.2. Rod-ike particle created using MercuryDPM

INPUT PARAMETER VALUE (SI units)
Sphere density D 2605kg/m’
Sphereradius R 0.5e-6m
Spheres per rod Ns rod 19
Number of spheres Ns 5700
Number of rods Nrods 300
Bonding overlap Ubond 05e6m
Threshold overlap : 05e-6m
Normal stiffness Kn 1e3N/m
Tangential stiffness kt 217k,
Rolling stiffness Kro 2/5k,
Friction 1 0.3
Normal damping coefficient o 5.7e8 kg/s
Tangential damping coefficient o 273,
Rolling damping coefficient Yo 2/5,
Background dissipation (relaxation) 1 rel 3.16e9 kg/s
Background dissipation (compression) | 3.16e10 ky/s

Table3.1. Properties of the elementary spheres.
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3.3.2. Constitutive contact law between pairs of clay particles

In the present study, elementary spheres belonging to different rods were designed to
interact with each other aia purposely formulated constitutive contact [&fve approach
adopted in this work was to obtaimettotalnormalforce actingat the contacas the sum of

a mechanical component and an electiemical component. A schematic representation

of the normahnd tangential contact laws introduced in this study is shoWigure 3.3.

-------- Coulombian force (- -)
B Coulombian force (+-)
Mechanical force
Total force (- -)
3 = = = Total force (+-)
S
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Figure 3.3. Normal and tangential contact lagphereto-sphere interaction)

for the simulation of clay particles
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The mechanical component was modelled via the linear etissipative contact
model inEquationl, reportedin Figure 3.3aas6 Me ¢ h a n i .The valuds@fQ c® 6
"Q andmadopted in this workvere assumed to be independent of the natureegfdre
fluid and are reported iflable 3.1 The selected values ofQ, Q andQ guaranteed the
simulation of 0stiffé particles in the pr
between the stiffness at the contact and the particle diameter is several orders of magnitude

higher than the maximum applied pressure).

The electrechemical component was modelled by introducing a-4@mge intersphere
repulsive/attractive force. The pattern of the electremical component of the normal
force is reported inFigure 33aas 6 Chian i o mdhedongrange Coulombian
interaction,”Qy , arises for negative values of the overlap (representing the distance
between spheres not in contact) once a fixed threshold value is exceeded, and remains

constant after overlapping occurs:

O
h 4
o1 1"
Q 1" oA 1"y om
Q 1 "h ) m
where] " is the threshold overlap, an@ is the normal stiffness of the lomgnge

Coulombian interaction. The Coulombian force is positive (repulsive) when sjfzerd®)
carry the same chargand is negative (attractive) when sphei®@snd "Qcarry opposite
charges. Changing thesign of the Coulombian force allow$or simulaton of
alkaline/acidic pordluid. Changing thevalueof 'Q  allows for simulations of pore
fluids with different dielectric permittivityValues of the normal Coulombian stiffness

Ko) for the simulation ofdifferent porefluids were selected following a rigorous
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calibration procedure against experimental results. This procedure is described later in
Section 4.3.lt is worth noticing that, & for Pedrotti & Brantino (2017) Coulombian
forces were assumed to be the only electremical forces controlling the interaction
between particles not yet in contact. However, the constitutive contact law could be easily
extended to more complex contact interactions, e.g. including van der Weaals by

considering additional attractive forces intthe Ttrange.

The totalnormal force actingat the contacts then obtained by adding togethéne
mechanical and electthemical contributions given b¥quation 1 and Equation4

respectively( oot al Figure83a)0 i n

Once the total force at each contact is calculated and the instantaneous position of the
particles is known, macroscopic variables such as the distribution dftrénesin the
assembly could be extractém the discrete data via theoarsegraining micro-macro

transition méhod implemented in MercuryDPKTunuguntla, et al., 2035

3.3.3. Design of claylike particles

Two types of particles were designed in this workla®wn inFigure 3.4. Particleghat are
negatively charged on both edge and face (alkaline pore fluid) were generated by assigning
a negative charge to all the spheres belonging to each rod, resulting in the development of
only repulsive longange forcedetween rods interacting with each other. Particles that

are negatively charged on the face and positively charged on the edge (acidic pore fluid)
were generated by assigning a negative charge to the inner spheres of each rod and a

positive charge to thend spheres. This choice resulted in the formation of-estgce
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contacts between rods, driven by the attractive force developing between positively

charged edges and negatively charged faces

— (O Negative charge FACE TO FACE
o
| @O | i
I
o
— O Negative charge EDGE TO FACE
+ . Positive charge
<
I
o

Figure 3.4. Design of claylike particles: alkaline pH (FF configuration) and acidic pH (EF configuration).

3.4. NUMERICAL PROCEDURES

3.4.1. Specimen preparation

DEM simulations were performed on assemblie®Ngis= 300 rods, amounting to a total
number of spheres equal to 5700. The effect ofsdrmaple size was tested by performing
preliminary tests on specimens with different number of rods. Results were found to be

independent of theod number folN;oqs> 250.

Initial configurations were created by placing the rods in a square domain xzthe
plane, with their long axis along thedirection. The domain boundaries were taken as
solid walls. The characteristics of the partitdevall interaction were assumed to be equal
to the mechanical particl®-particle interaction (however, no charge veasigned to the
walls). Thex and z coordinates of the centre of the first sphere forming each rod were

assigned randomly, while a constantoordinate was assigned to the centres of all the
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spheres and remained unchanged during the entire simulationinitiné size of the
domain wasselectedn order to obtain a specimen in a gj&e state, i.e. with armnitial

void ratiocQ ¢ mand rods not interacting with each other. The void ratio of the specimen
is intended here as the area fraction, i.e. the ketfiveen the area occupied by the voids

and the area occupied by thaids obtained by projecting the rods ontoxteplane.

Once the 6gasd speci men was <created, a ¢
top and right walls, and a positialepenént displacement rate was assigned to the
particles in order to compress the specimen isotropically. The movement was stopped
when the material experienced a fhadlid transition, i.e. the virtual specimen was able to
carry an external load. The signawof the transition is given by naro values of stress
and of the average number of contacts (including elattemical longrange contacts)

within the specimen.

Once afsoliddspecimernwas obtained, the assembly was subjected to a relaxation stage.
The boundaries were kept stationary and the particles were left to relax towards an
equilibrium configuration. In order to expedite the relaxation stage, an additional global
background dissipation (reported Trable 3.1) proportional to the particle velogitwas
introduced. The relaxation stage was stopped when the kinetic energy of the sample was

found to be at least five orders of magnitude smaller than the elastic energy.

3.4.2. 1-D compression and unloading
After relaxation, a onelimensional compression of tlepecimen in the-direction was
carried out by lowering the top boundary wall in order to simulate oedometric conditions.

During this stage, the void ratio and the vertical stress state of the specimen were
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calculated at regular intervals in order to a@abta compression curve. Both loading

(compression) and unloading (rebound) were performed during the analysis.

The onedimensional loading and unloading paths were performed in a displacement
controlled mode during the simulation, i.e. by lowering or ngighe top wall while the
vertical stress of the specimen was measured. A background dissipagioaller than

the one used for relaxatipwas also added able3.1).

During both loading and unloading paths, the displacement rate assigned to the top
boundary (corresponding to a displaeen of 1.6e5 um for each time step) was
maintained small enough to ensure a gqgtaic process. To this end, the displacement
rate was selected by performing the same loading/unloading paths at different
displacement rates and identifying the maximuspldicement rate below which the output
of the simulation became independent of the displacement rate itself. The addition of the
background dissipation allowed to increase the displacement rate without affecting the

results, thus reducing the total simigdattime.

3.4.3. Calibration of the Coulombian normal stiffness

In order to reproduce the response of the clay specimens dufingoinpression, the
parameters that characterise the Coulombian contact law need to be defined depending on
the nature of the potiduid. The threshold overlap " was tentatively selected as 1/2 of

the rod thickness (i.e. equal to the radius of the sphanelssumed to be independent of

the nature ofhe porefluid. On the other hand, the value of the normal stiffness of the
Coulombian interactiolQ  was varied depending on the dielectpiermittivity of the

porefluid.
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For the case where the pdheid is water, the parameteéf2 ~ was calibratedo match
the void ratio at the end of the specimen preparation statifethe void ratiomeasured
experimentally at quasiero vertical stresvhen using ordinary laboratory watas the

porefluid (Pedrotti and Tarantino 2017

The Coulombian normal stiffness in the presence of air and acetone, i.e. the other two
porefluids tested byPedrotti and Tarantino (20}, Avere derived by assuming that the
Coulombian normal stiffneds inversely proportional to the dielectric permittiviby the
porefluid. As a resultthe Coulombian normal stiffness in air and acetoaa be derive

from the stiffness in water as follows:

Q Q — 6

fo) a — 7
where- |, - ard - are the dielectric permittivity values of air, acetone and
water respectively-( p, - =25, and /)

3.5. NUMERICAL RESULTS AND DISCUSSION

Four sets of simulations were performed in this stbgtychaming the contact law
parametefQ  and the sign of the charge assigned to the sphEnese simulations were
aimed at reproducing theexperimental compression behaviour ofhe kaolin clay
specimenstested byPedrotti and Tarantino (2017) by catexying porefluids with
different dielectric permittivity (air, acetone, and water) and different pH (acidic pH=4 and

alkaline pH=9).
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The associatiometweenthe experimental tesendthe numerical simulationis given
in Table 3.2. Particle edges wergiven a positive charge in Simulations 1, 2 and 3 to
generate an edge-face configuration as observed expeentally in Tests 1, 2, andf8r
the case oéir, acetone, and acidic water respectivélgrticle edges were given a negative
charge in Simulatins 4 to generatea faceto-face configuration as observed

experimentally in Test fbr the case olkaline water

Pore . . o
fluid Dielectric permittivity pH
TEST Air (dry AIR
1 powder) Y 1 )
TEZS T | Acetone | (JCETONE 25 -
TE3ST Water 4
ATER
TEST | Alkaline ) 80 9
4 water
Coulombian Edge Face
stiffness[N/m] charge | charge
SIMULATION 1 Keou ™ 40 + -
SIMULATION 2 | Kcou"“E™NE | 1.6 + -
SIMULATION 3 + -
kCOUIWATER 05
SIMULATION 4 - -

Table3.2. Association between experimental tests and numesimulations.

3.5.1. Validation of the contact law for clays

The core of the contact law for clays is represented by the Coulombian vidrich was
addedto the traditional mechanical foramplementedn granular DEManalyses In turn,

the Columbian force wgadesigned based on the assumption that its magnitude and sign

depend on the dielectric permittivity of the pdh@d and on the pH. The contact law can
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therefore be probed by analysing the response of the DEM model when simulating

different permittivityand pH values for the pofluid.

Figure 3.5 showsthe values of the simulated initial void rat® at the end of the
preparation stage for all simulations. According to the calibration procedure previously
described, the initial void ratio for the case of water at pH = 4 (Simulation 3) obviously
matches the void ratio measured experimentally asigqero vertical stress. The striking
result is that the void ratio is matched reasonably well at a quantitative level also for the
other pH/dielectric permittivity scenarios. The initial void ratio matched almost perfectly
for the case of the edge-face configuration $imulation1 and 2). For the case of the
faceto-face configurationSimulation 4, the substantial reduction in the initial void ratio
caused by the dactivation of most of the edge-face contacts for the case of alkaline
porefluid is also well captured. There is indeed a slight underestimation of the void ratio
by the DEM simulation. This may be due to the fact that the variation of pH from 4 to 9 in
real clay specimens is unlikely to cause the deletion of all the positive edgesgharge
resulting in a slightly more open structure due to residual -edfpece contacts. In

contrast, all particle edges were given a negative charge in the DEM simulation.
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results).

The ability to predict the initial configuration of the specimen at a quantitative level in
termsof void ratio by relating a microscopic quantif@( ) with a macroscopic quantity
(-) is the first demonstration of the validity of the DEM model to capture some aspects of
the macroscopic behaviour of clayey materials, even using a vergdiset of contact law

parameters.

3.5.2. Effect of pre-consolidation stress orelasticdresponse upon
unloading

Wide experimental evidence shows that the unloacdktmading lines of clay specimens in

the plane void ratie effective vertical stressX & €, Q@ are not parallel but increase
their slope as the pieonsolidation stress increases. This is also the case for the specimens
saturated with ordinary laboratory water and subjected to standaammetst tests

(Pedrotti and Tarantin@017)in Figure3.6.
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The DEM model was therefore challenged for its capability to capture the effect of the
pre-consolidation stress on the elastic behaviour upon unloading/relodmge 3.7
showsthe results fronSimulation 3 Three unloading paths were perfodna the DEM
analysis. As for the experimental observation, the increase in slope of the unloading paths
with themaximum vertical stress experienced by the assembly before unl@gutiagrs to

be captured satisfactorily.
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Figure 3.6. Test 3: monedimensonal compression of kaolin mixed with water,

pH= 4 (Pedrotti & Tarantino, 2017).
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Figure 3.7. Numerical results of Simulation 3 (E-+;,Kcou = Keou

It should be noted that the DEM simulation cannot be compared quantitatively with the
experimetal compression curve. The range where the void ratio appears to be linear in a
semilog scale(Q « €,"Q extends up to 10 kPa in the DEM simulation, whereas the
experimental data shows that this range is equal to or greater than 20GikPermore,
simulated kaolin particles have been observed to bend significantly after the 1hgPa ra
is exceeded (as shown laterRigure 3.12), suggestinghat the response of the model at
high stress may be unreliabl€he experimental compression curve should therefore be
compared with the linear branch of the compression curve (in alegmiof) derived
from the DEM simulationThe mismatch in the vertical stress can be attributed to the
simplifications introduced in this DEM analysis. For instartbe Columbian interaction
and mechanical interaction of the contact law wagsignedas piecewis linear functions
as this work is mainly aimed at exploring thetential ofthe DEM modelto captue the
main features of the macroscopic responsenafactive clay, thus corroborating the

micro-mechanical concepts underlyinfpe DEM model. The mechanil interaction
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between spheres in contact and the eledtemical interaction between spheres having
the same (negative) charge is more complex than the linear one adopted in this work. A
Hertzian contact law and a function that reproduce®ttO theory(combined effect of

van der Waals and double layer far&vould in principle be more appropriate. However,
highly nonlinear contact laws would make the computational times prohibitive when
considering the high number of particles (and, hence, sphexgejred to represent

adequately the elementary volume.

It is interesting to exploit the DEM model to explore the migrechanisms controlling
the response observedhigure 3.6 andFigure 3.7. Figure 3.8 shows the configuration of
the specimen at differéstages of the loadirginloading process (as also showrrigure
3.7): state A represents the state at the end of the preparation stage, state B and C represent
states on the virgin compression line at two different values efqsolidation stressnd

B6 and C6 represent two states at the end
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i) Rotation of particles in EF
i) Compression of particles in FF

ili) EF disengagement

a) A:e=2340-035kPa B :e=1.70 8=3.00 kPa C : e=0.91 8,=10.01 kPa

Small elastic rebound of EF and FF

b) B :e=1.70 t,=3.00 kPa B Oe=1.74 605 kPa

High elastic rebound of FF

Unaltered EF

c) C : e=0.91 6,=10.00 kPa C 0e=1.09 1,=0.55 kPa
Figure 3.8. Different specimen configurations from Simulation 3 (E+,Keou = Kcou ™).
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At the end of the preparation stage (A), rods are arrangedhredgeto-face and face
to-face configurations, resulting in the creation of a relatively open structure. The bigger
pores are associated with the formation of egce contacts. The smaller pores

correspond instead to the gaps betweenrpsubllel paticles.

Upon virgin loading (Ai B i C), three different micranechanisms are clearly visible

(Figure 3.8a):

)] the reduction of the distance between particles infadace configuration (i.e.

mechanisn® iind-igure 3.1and3.8a);

i) the rotation of parties in edgeo face contact configuration towards each other

without contact disengagement (ineechanisn® i in Figure 3.1and3.8a);

i) the loss of edg#o-face contacts, in turn generating a fé@dace configuration
(i . e. mednFaygume3dam38a).i i 6
At low stress (path Ai B in Figure 3.7 and Figure 3.8a), compression is mostly
associated with mechani sms 6i i 6 and O6iii
compression or loss of edgeface contacts is much higher than the one associated w
mechanism 0i 0. A ti Chin Fiplre 3.7 arsl Figuee 8.8a, afjfdpramt @ B
onwards inFigure 3.7), compression gradually starts to be dominated by mechaiism

i.e. the reduction of the distance between -gatallel particles as faceo-face

configuration becomes predominant.

Upon unloading (BF B 6 , i G® Figure 3.7 and Figure 3.8b and 3.8¢), the elastic
behaviouris associated with different mechanisms depending on the magnitude of-the pre
consolidation stress. At low peonsolidatiorstress(B B0 ) , parti ctb-ace i n |

and faceto-face configuration undergo a small elastic rebound, due to the small
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A

Coul ombian repulsion activated in 06i 6 and

the specimen remains essentiallali@red during unloading.

As the preconsolidation stress increases (CC6 ) , t -to-face eamtgees still
existing in the assembly do not contribut
totally unaltered after unloading. It appears thatpleer t i cl e O60fr ameé& gene
tof ace contacts i s surround e-tb-fade wonfiguratiomat r i
which almost loads the particle fransetropically. The elastic rebound is therefore mostly
associated with the rebound of pelds in faceto-face configuration. The high
Coulombian repulsion due to the high stress reached upon loading in turn generates a

higher rebound upon unloading.

Finally, it is worth noticing that the loss of edggeface contacts is indeed permanent
(as in Figure 3.1): edgeto-face contacts lost upon loading are not recovered upon

unloading.

3.5.3. Effect of dielectric permittivity on one-dimensionalcompression
behaviour

The second aspect explored in the DEM analyses concerns the effect of the dielectric
permitivity of the porefluid on the onedimensional compression of clay. The
experimental results of oedometer tests conducted on kaolin clay specimens saturated with
air (dry powder,- p), acetone- ¢ ) and laboratory water-( { jtare shown in

Figure 3.9.
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Figure 3.9. Test 1, 2, 3: mondimensional compression of kaolin

mixed with air, acetone and water at pH = 4 (Pedrotti & Tarantino,
2017).

The numerical results @imulation 1 2, and 3 arel®wn inFigure 3.10a and3.10bfor
loading (norreversible volume change) and unloading (reversible volume change)
respectively. The variation of the lomgnge Coulombian interaction between particles as
induced by the change in dielectpermittivity affects the macroscopic behaviour of the
assembly upon both loading and unloading paths. Upon loading, the higher is the
Coulombian stiffness (i.e. the lower is the dielectric permittivity of the -floid) the
higher is the slope of the gin compression curve. Upon unloading, the higher is the

Coul ombian stiffness interaction, the | owe
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Figure 3.10. Numerical results of Simulation 1, 2, 3 during a) loading path and b) unloading path.

The response of the DEM models captures very well the behaviour observed
experimentally (at a qualitative level). The agreement goes beyond a purely visual
comparisonFigure 3.11 shows the comparison in terms of compressibility indexand
swelling indexd nor mal i sed with respect to their
Simulation 3). A very good agreement is observed between experimental and simulated

values.
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Figure 3.11. Normalised compressibility and swelling ind&est 1, 2, 3 and Simulation 1, 2, 3

The DEM model was again used to explore the mmexzhanisms leading to this
macroscopic behaviouFigure 3.12 showssome of thespecimen configurations obtained
from Simulation 2(acetone- ¢ 0, and 3 (water- g Jt Pictures of the assemblies
were taken at different stages: at the end of the preparation stage (A and E for water and
acetone respectively), at an intermediate stage during first loading (C for water, F for
acetone), and at two intermediate states updoading (Di D6 f or waGd&r and

acetone).
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Simulation 3 (water pH4) Simulation 2 (acetong

__________________________________________________________________________

E : e=3.31 8,20.26 kPa

F - e=1.6408=10.00 kPa

C : =0.91 8,=10.01 kPa

A : e=2.34 8,=0.35kPa

G : e=0.47 82923 kPa

G 0e=0.85 6,=3.27 kPa

Figure 3.12. Different specimen configurations from Simulation 2 (E+,

F-, Keour= OUIacetonj and 3 (E+, F keou = oulwatg)-
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The effect of the magnitude of éhCoulombian stiffness Q@  on the specimen
configuration at the same stress is clearly visible. The higher the Coulombian stiffness, the
more open is the structure of the assembly (A andgdn first loading (AF C and Ei F
in Figure 3.10aard Figure 3.12), the higher compressibility of the specimen in Simulation
2 (porefluid = acetone) is associatedth mechanisndi i The more open is the structure
(i.e. the higher is the repulsion between negatively charged particle flaedsyher ighe
loss in terms of void ratio every time an edgdace contact is permanently lost upon first

loading, leading to a fasteeductionof void ratio with applied load

Upon unloading (00 D6 a nh @ &igure 3.10bandFigure 3.12), thehigher rebound
of thespecimen in Simulation 3 (pefel ui d = water) i s associ at
o0ii 6, i . e. the reduction of -tofaee anflifagdb-anc e
face configuration before unloading. This behaviour can be easily explairamhsidering
two qualitative contact laws with different slop®s , as is thecase for Simulation 2 and
3 (Figure 3.13). For particles interactingn the Tirange let us assume that the same
change in external stress upon unloading (for example fromD6 an &o &, al s«
produces the same afge in normal contact forc® Q The resulting change in overl&p
depends on the Coulombian stiffness, in particular it is higher for the contact characterised

by lower stiffness and, hence, higher dielectric permittivity (i.e. water).
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Figure 3.13. Effect of unloading paths oh the specimen rebound for different valles,of

3.5.4. Effect of pH on compression behaviour

Finally, the validity of the DEM model against its ability to simulate the effect of pH on
the compression behaviour of clay was expldsgdcomparing the numerical results of
Simulation 3 and 4 with the experimental results of oedometer tests performed on kaolin
clay specimens saturated with ordindeionised water (pH = 4) and alkaline water (pH =

9) (Figure 3.14and3.15).
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Figure 3.14. Test 3, 4: monalimensional compression of kaolin mixed
acidic water (pH=4) and alkaline water (pH=9) (Pedrotti & Tarantino,
2017).
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Figure 3.15. Numerical results of Simulation 3, 4 during a) loading path and b) unloading path.

The case of pH=9 wasnsulated by substituting the positive charge on the edges of the
rods with a negative charge. As showrrigure 3.15, this caused a drastic reduction of the
void ratio at the same vertical stress, and reduced the specimen compressibility upon first
loading. Upon unloading, the numerical response observed in Simulation 4 (pH=9) returns

a small plastic deformation.
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Figure 3.16 shows the comparison between the results obtained experimentally and
numerically in terms of compressibility indéx and sweling indexd normalised with
respect to their values in ordinary water (pH= 4, Simulation 3). Again, the trend observed

in the experimental data is well captured by the simulation.
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Figure 3.16. Normalised compressibility and swelling index: Tes# &nd Simulation 3, 4.

The underlying micromechanics behind the macroscopic behaviour at different pH
levels was explored by comparing the assembly configurations obfaamedsimulation 3
and 4(Figure 3.17). The formation of edgéo-face contactpreset in Simulation 3 does
not occur in Simulation 4yvhere rods are arranged in spdrallel configurations even at

low stresses (A and H).

Upon first loading (Ai C and Hi 1 in Figure 3.15a and Figure 3.17), the lower
compressibility observed Simulation 4 is associatedith the absence of edge-face
contacts: the rods are arranged into a closer configuration at the beginning of compression,
and the resulting microstructure is less compressible since there are ni-Gaige

contacts that are permartigriost upon first loading.
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Upon unloading, the response observed numerigallgimulation 4 shows thahe
loading and unloading paths overlap almost completely, expect at very low stiidsses.
small plastic deformation occurring at the end of theoaihg path (point Mn Figure
3.15b andFigure 3.17) is only associated with a slight rearrangement of the rods during
first loading. In this case, plastic deformation arises from irreversible particle
rearrangement as opposed to the plastic deformatisereed in water at pH = 4, which is

mainly controlled by the disengagement of the elbgface contact.
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Simulation 3 (water pH4) Simulation 4 (water pH9)

A : e=2.34 8,=0.35kPa

C :e=0.91 8,=10.01 kPa ' | - e=057 8,29.97 kPa

L : e=0.88 &i=0.87 kPa . M :e=0.77,670.97 kPa

Figure 3.17. Different specimen configurations from Simulation 3 (E+ Koy =
kCOUIaceton3 and 4 (E, F", kCoul = oulwa'Er)-

3.6. CONCLUSIONS

This paper has presentadDEM validation of the micrescale mechanisms affecting the

macroscopic compressidrehaviour of a nowmctive clay A numerical DEM framework
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for the simulation of assemblie$ clay-like particleshas been intractedon the basisf a
conceptual micranechanical modeput forward by Pedrotti and Tarantino (2017) that
describes the reversible and a@versible particldo-particle mechanisms occurring in

nonactive clays

Two main aspects of the simulation ofayey geomaterialsvere addressed. First,
assemblies of spherical primary units were created to forrshiaged particles in order to
account for the nospherical shape of clay particles. Sedgnattractive and repulsive
long-range forces were added teethasiclinearelasticcontactlaws in order to simulate
the electrechemical interactions driven by the positivegative charge characterising the

surface of clay particles.

The contact laws introduced in this work were tested against their abilitpriodree
qualitatively some aspects of the compression behaviour of kaolin clay obserwepatur
extensive experimental investigation carried out by Pedaoiti Tarantino (2017). The
effectof porefluid chemistry (different pH and dielectric permittigitwas consideredin
alkaline porefluid was simulated by assigning a homogeneous negative charge to the
spheres forming the rodsesulting in the development of repulsive lenagpge forces
between rods interacting with each othacidic porefluid was insteadsimulated by
assigning a negative charge to the inner spheres of the rods and a positive charge to the
ending spheresesulting in the formation of edgo-face contacts between rodor the
case where edge-face contacts are active, the effetdifferent dielectric permittivity of
the porefluid was simulated by changing the magnitude of the attractive/repulsive electro

chemical forces.

The parameters defining the eleetlmemical interactions (i.e. the stiffness of the

Coulombian interactio’Q  for different porefluids) were derived following a rigorous
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calibration procedure against experimental results. Using the calibrated parameteys, a
good agreement was observed between the experimental data and thefrésultsets 6
simulations, in terms of a) the dependency of the slope of the unload&gading
compression curves on the fmensolidation stressand b) the compression behaviour
upon virgin loading and unloadirgloading pathsThe ability to successfully reprock

clay behaviour at a qualitative level based on a simple calibration procedure shows a

promising potential for the proposed DEM framework.

The contact laws presented in this work were intentionally kept simple to explore their
potential for capturing thenain features of the macroscopic response ofautive clay
and, hence, corroborating the underlying migrechanical concept. It is expected that a
guantitative prediction could be achieved by removing the simplifying assumptions of the
adopted DEM frarawork, although at the cost of a significantly increased computational

burden.
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ABSTRACT

This paper presents an investigation of fhaticlescale mechanisms controlling the
propagationof mechanical sheawaves in saturated no@active clay Onedimensional
compression tests were carried out on kaolin clay specimens in an oedibkeeter
apparatus equipped with bender elements. The robanicleto-particle mechanical and
electrechemical interactionsvas investigated by saturating the specimens with fluids
having different pH and dielectric permittivity. The velocity of propagatibmechanical

shear waves varied significantly with the different pfiuéls in a nonrintuitive fashion.

The experiment al results were interpreted
mechanical and electrchemicalinteractions and ii) the meahical and electrehemical

force chains as inferred fromMEM simulations. The wave velocity appeared to depend on
the nature of the prevailing intearticle interaction and on the amount of particles
contributing to the transmission of forces throughth& specimenin the light of the
micromechanical interpretation of the experimental data, the value of soil density used for
the calculation of soil stiffness at very small strains was discussed. It is proposed that an

Oeffectived denaeredtogly takingintd atcoumtethe partiors af dolids
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involved in the dynamic motion. Prel i mina

density may deviate significantly from the bulk density.

4.1. INTRODUCTION

The velocity of propagation of mechanical wavis commonly used in geotechnical
applications to infer soil stiffness at very small strafBg, Very small strain stiffness has
been demonstrated experimentally to depend on mean effective stress, vdidawatio &
Richart,1963 Hardin, 1978jwas&i & Tatsuoka, 1977Prange, 1981Kokusho & Esashi,
1981 and, for the case of clays, on the overconsolidation (atérzdin & Black, 1968;
Hardin & Black, 1969 For design purposes, empirical relationships for very small strain

stiffness have been dewpked to include dependency on these variables.

However, further experimental studies have highlighted that the macroscopic response
may not always be well captured by the empirical relationg&foiFor instance, the very
small strain stiffness of trangimal soils and polydisperse granular geomaterials
(Wichtmann & Triantafyllidis, 2009Goudarzy, et al., 20}6has been proven to be
controlled by an o6effectivebd void ratio,
void ratio (i.e. the void ratithat wouldexist in the packing if athe particlesnot involved
in the force transmissiomvere removeld Micro-mechanical considerations, based on
particle arrangements and force transmission through peaxtiglarticle contact§Radjai
& Wolf, 1998; Radjai, etal., 1998have been used to clarify

void ratio.

Therefore, a micranechanical insight into the processes occurring at the particle scale

is key to the correct interpretation of soil behaviour at the macroséale.the case of
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granular geomaterials, the interplay between particlde and macroscale behaviour has
been explored via analytical and numerical models based on-tgrgiain contact
mechanics. Wave velocities or soil stiffness at very small straie baen successfully
investigated analytically and numericaltyhé lattergenerally using DEM simulations) for
the case of ordered and random packings under different condiiong,(2010;Liao &
Chang, 1997Kruyt & Rothenburg, 1998Luding, 2005;Mouraille, 2009;0'Donovan &

O'Sullivan, 201206 Donovan, . et al ., 2016)

The same approach cannot be easiflicated for clayey geomaterials, due to the lack
of understanding of the nature of infmarticle interactions. In contrast to granular
materials, prticle-to-particle interactions in clay are not only mechanical, but also electro
chemical. The relative role of mechanical and electremical interactions in the force
transmission mechanisms throughout clayey soils (and, hence, in the propagation of

mechanical wavegkmains as yet little explored

The aim of this paper is to make a step forward towards the interpretation of the micro
mechanisms affecting the velocity of propagation of mechanical shear waves in saturated
nonactive clay. To this end, echanical interactions (occurring between particles in
contact) and electrohemical interactions (activated at a certain distance between particles
not in contact) in reconstituted kaolin clay specimens were investigated experimentally by
saturating the gecimens with porfluids having different dielectric permittivity and pH.

The dielectric permittivity was varied to affect the strength of the repulsion between
particles (electrechemical interaction) in the presence of etlyéace contacts
(mechanicainteraction). The porfluid pH was instead modified to dectivate edgeo-

face (mechanical) contacts between particles, leading to etdwtrical interactions only.
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Each specimen was subjected td lloading and unloading in an oedomédike
apparats equipped with bender elements. The velocity of propagation of mechanical shear
waves through the specimens was measured at different stress levels during loading and
unloading, and the results obtained for different gluiels were compared. To interpre
the experimental data, mechanisms of force transmissgva hypothesised based on i)
the quantitative analysis of the interaction between two particles, either mechanical or
electrachemical, and ii) particle configurations obtained from DEM simulatiocarried

out in a separatwork (Pagano et al. 2018Chapter 3).

4.2. MATERIALS AND METHODS

4.2.1. Testing material and specimen preparation

The nonractive clay tested in this study was Speswhite kaolin (plastic limit and liquid
limit equal towp = 0.32 andw_ = 064 respectively). Prior to preparing the specimens,
kaolin powder was oven dried at 105°C for at least 24 hours. Four different specimens
were then prepared and tested: dry powder only (Specimen 1), dry powder + ethanol
(Specimen II), dry powder + dmineralised water (Specimen IIl), and dry powder +
alkaline water (Specimen V). Specimens Il to IV were prepared from slurry at water (or

ethanol) contents of approximately np.

Alkaline water for the preparation of Specimen IV was obtained by adding jpotass
hydroxide (KOH, molar concentration smaller than 0.01 M) to laboratompideralised
water. Since pH affects the liquid limit of kaolin, Specimen IV was prepared at a lower

water content than Specimen Il and W=55% instead ofiv=10099, as a highewater
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content would have resulted in a highly fluid mixtufable4.1 shows the properties of the

specimens tested in this study.

Specimen I Il 11 v
Initial height, hy [cm] 9.1 110 9.8 99
Diameter, D [cm] 10 10 10 10
Specific gravity, Gs 2.605 2.605 2.605 2.605
Dry mass,Mq][g] 375.61 576.71 587.95 843.59
Pore fluid Air Ethanol De-miner. Water Alkaline
i Water
Dielectric permittivity, U 1 24 80 80
pH - - 4 9

Table4.1. Specimen properties

The four pordiluids used in this study (air, ethanol,-ohéneralised water and alkaline

water) were purposely selected in order to obtain specimens with different initial

microstructures, as iRedrotti & Tarantino (2017)

Poref | ui ds Wi

th di

fferent

di

el

ectri

C -

perm

mi ner al i sed wera thesen to rdodify the8idtansity of the repulsion forces

between particles both in contact (edgdace configurtion) and not in contact (fage-

face configuration). The higher the dielectric permittivity, the lower the intensity of the

repulsion (at the same intparticle distance).

The porefluids generating different pH (laboratory-deneralised water: pH = dfter

exposure to clay, alkaline water: pH = 9 after exposure to clay) were chosen to control the

activation or the dactivation of the edgto-face contacts. In particular, pH values greater

than the point of zero charge (PZC), equal to 5.5 for katdy (Sposito, 184; Carroll &

Walther, 1990; Huertas, et al., 1998sulted in the dactivation of edgeo-face contacts.
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4.2.2. Laboratory equipment and testing procedures

Four onedimensional mechanical loading/unloading tests were carried out in an
oedometetike apparatus (100 mm diameter) equipped with bender elements (BEs) for the
measurement of shear wave velocities. A schematic view of the apparatus is shown in
Figure 4.1. BEs were constructed using douldger piezoceramic elemen(BIMS-N-
PZT5A4HT x-poled element and BWP-N-PZT5A4HT y-poled element byMorgan
Technical Ceramickor receiver and transmitter bender element respecjivehe sensors
were embedded into the top cap and pedestal of the cell, and in turn connected to a
function generator ahan oscilloscope for triggering/recording the input/output signal

respectively.

After specimen preparation, the kaolin mixture (dry powder or slurry) was placed into
the cell. Drained conditions and specimen saturation (except for the case of dry powder)
were ensured for the entire duration of each test by connecting the base pedestal to a
reservoir containing the same fluid used to saturate the specimen. The reservoir was placed
on a balance for monitoring peflelid exchanges during the tests. The feensolidation
step was performed by simply placing the top cap on the specimen, corresponding to a
vertical stress of 1 kPa. At the end of the first consolidation stepdiorensional loading
was carried out in displacemertintrol mode by applying a caasit displacement rate of
0.0035 mm/min to the specimen via a loading frame. A load cell and a vertical
displacement transducer allowed for the continuous measurement of applied force and
axial displacement respectively. The void ratio and the vertiedsstiuring the tests could
then be calculated. Furthermore, the propagation of mechanical shear waves was triggered
at specific levels of stress during the tests (15 kPa, 30 kPa, 65 kPa, 100 kPa, 225 kPa, 590

kPa) by exciting the transmitter BE with a soidal signal (input frequency 5 kHz).
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Output signals were recorded and interpreted in order to calculate the corresponding

velocities of propagation.

Load cell

Steel mould XT
]

Clay specimen

\ Displacement

~_transducer

7

Reservoir + Balance

4 1

_ W

= N

Figure 4.1. Schematic view of the oedomedéte apparatus equipped with bender elements

4.3. EXPRERIMENTAL RESULTS

4.3.1. 1-D loading and unloading

Figure 4.2 shows the results of the odémensional loading/unloading performed on
the four specimens in terms of void ratio against vertical effective stress P&sliatti and
Tarantino (2017) the specimens exhibdea different compression behaviour as a

consequence of the different microscopic structure induced by thdlyidrehemistry.
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Figure 4.2. Macroscopic 4D compression behaviour of kaolin clay saturated with a)

fluids with different dielectric permittity, and b) fluids at different pH

The effect of dielectric permittivity for
(saturated with ethanol, U =mi2mde)r aal nids edp ewcal
80) is shown inFigure 4.2a. At any level of vertical effective stress, theylner the
dielectric permittivity of the porfluid (and, hence, the lower the repulsion between

negatively charged faces), the lower the void ratio of the specimen. Upon loading, the

129



0 P a r-dcaleamieahanisms controlling the response of granular and clayey geomaterials at very
small strainso

compressibility of the specimen was observed to be slightly smaller imgtieasing
dielectric permittivity. Upon unloading, an opposite trend was observed, with the rebound

of the specimen increasing with increasing dielectric permittivity.

Figure 4.2b shows the effect of the pofkiid pH on soil compressibility. Specimen 1l
(saturated with denineralised water, pH = 4) exhibited a higher void ratio than Specimen
IV (saturated with alkaline water, pH = 9) at any level of stress, and was observed to be
more compressible upon loading. No noticeable differences in the reboutige of

specimens were apparent upon unloading.

4.3.2. Wave propagdion

The velocity of propagation of the shear waves travelling through the specimens was
obtained from the interpretation of the output signals recorded by the oscilloscope during
the four tests. Rawignals were first subjected tmaseline correctionand filtering (ow
pass Butterworth filter of order 10 order to remove any background noise and facilitate
the interpretation of the wave arrival. An example of filtered and corrected output signal
for different levels of stress during loading is showFRigure 4.3 (dry powder) The travel
time of the waveo, was taken in this study as the time interval between the first main
peaks of the input and output sign@iggiani & Atkinson, 1995aViggiani & Atkinson,
19950, while the travel lengthp, was chosen as the {ip-tip distance between the
transmiter and receiver bender eleme(@gvik & Madshus, 1985Viggiani & Atkinson,

1995a; Fernandez, 2000 'he velocity of propagation was then calculated as:
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Figure 44 shows the evolution of the velocity of propagatiortted shear waves agnst
vertical effective stress duriigadingand unloadingAs for the void ratio, the velocity of
propagation appears to be affected by both the dielectric permittivity and the pH of the

porefluid.
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The effect of dielectric permittivity is shown Figure 4.4a. At low levels of stress, the
velocity of propagation of the shear waves in the specimens saturated with air, atfthnol
de-mineralised water was observed to be essentially the same. However, after a threshold
value of vertical effective stress was reached (about 225 kPa), the velocities of propagation
diverged for the three specimens, with shear waves being muchféasggecimen | (dry
powder , o = 1), i ntermedi ate for Speci men
for Specimen Il (saturated withdei ner al i sed water, U = 80) .

velocity for the three specimens remained during uhiga

The effect of pH is shown ifrigure 4.4b. Shear waves appeared to be slower in
Specimen Il (saturated with durineralised water, pH = 4) and faster in Specimen IV

(saturated with alkaline water, pH = 9) upon both loading and unloading.

These respaes are not intuitive and an interpretation has been sought by investigating

the micremechanical interactions underpinning the experimental observations.
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Figure 4.4. 1D compressiomand $iear wave propagation velocity of kaolin specimemsirated witta)
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4.4. MICROMECHANICAL INTERPRETATION

4.4.1. Mechanical and electrechemical particle-to-particle interactions
The micromechanical analysis of the behaviour of kaolin clay specimensed ba the
assumption that clay particles may interact in two different marohgpending on the

nature of the porfluid (Figure 4.5):

a) Via mechanical interaction, generated when patrticle faces are negatively charged and
particle edges are positively clgad, leading to a Coulombian attraction between the
edge and the face of neighbouring particles. Once an edge and face come in contact
(Figure 45a), their interaction is controlled by the mechanical properties of the
particles. Mechanical contacts in kimotlay typically occur for values of pH smaller
than the PZC value, i . e-to-facennteradticssHedroti s e n ¢

& Tarantino 2017.

b) Via electrechemical interaction, generated a certain distance between particles
(Figure 45b). These include Coulombian interaction (either attractive or repulsive,
depending on the charge distribution on the surface of adjacent particles) and the van
der Waals interaction (attractive for kaolin particles), whose balance is theoretically
described P the DLVO theory(Derjaguin & Landau, 1941Verwey, et al., 1948
Electrochemical repulsion can occur eithehen both particle face and edge are
negatively charge(.e. as a repulsion between negatively charged faces of particles in
faceto-face confguration, typically occurring for values of pH higher than the PZC
value) orwhen particle faces are negatively charged and particle edgpsstigely
charged(in the form of repulsion between negatively charged faces of particles in

edgeto-face configiration).
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Figure 4.5. Possible modes of partiete-particle interaction in kaolin clay

Mechanical interactions occurring between particles in -¢old@ce configuration can
be quantitatively described similarly to the casenméchanical contacts in granular
geomaterials. The intergranular force developing at the contact between the edge of a
particle and the face of its neighbour can therefore be calculated according to Hertz as the
intergranular force developing between aesph(representing the particle edge) and an

elastic halspace (representing the particle face):

N

o -Oi " 7 2
o

where' D is the equivalent Young modulus of the particiess the radius of the sphere
representing half the thickness of the particle, jand the depth of indentation of the
sphere into the haBpace. By dividig the intergranular force by the gross contact @rea,
the stress associated with the mechanical interaction between particles in gontaetn

be calculated:

T,
- —=Ci Ty 7 3
(0] 00

On the other hand, the elecithemi@l repulsive interaction between negatively

charged faces of clay particles in water can be quantified accordiBglt§1956) The

interaction between two clay particles in faoe€face configuration occurs through the

136



0 P a r-dcaleamieahanisms controlling the response of granular and clayey geomaterials at very
small strainso

overlap of their diffuse doublwyers, and the resulting repulsion equals the difference
between the osmotic pressure in the central plane between the plates and the osmotic
pressure of the free solution. An approximate solution for the distance between parallel
clay particlesn suspensio, assuming the validity of th@ouytheory(Gouy, 1910 for the

ion distribution in the doublayer andv a n 6 t H o f fdr the cpicwation ofrnthe

osmotic pressure, can therefore be derived as:

. aEQPR & QTY® .
Q — w 4
™ o1 w

where'Y = 8.314472J/molK is the gas constant, is the repulsive intergranular stre$s,
is the temperaturep is the concentration of ions in the bulk liquid,is a constant
dependant on the temperature andis a constant dependant on the surface density of

charge of the clay particle. By rearrangibguation 4,, can be derived as:

” pT[

Figure 4.6 shows the evolution of the Heidn interparticle stress with the depth of
indentation for the case & = 1 GPa(Vanorio, et al., 20081 = 0.05 um andd = 1 pnf
(consistent withMitchell & Soga, 200% together withthe variation ofthe electre
chemical repulsive intgranular stress against the particle distance for the caséYef
293.15 K, = 20 mol/ni (Peroni & Tarantino, 2005 = 10" m/mol (Bolt, 1956) andv

= 230" m (Bolt, 1956).
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Figure 4.7 shows the variation of the absolute value of the derivative oand,,

with respect to the displacement (depth of indentat@mnmechanical interaction and

distance between particles for eleettiemical interaction) with the intergranular stress.

The

interaction between two particles, either nmesubal or electra&chemical. The analytical

derivati ve of t he

intergranul ar

stre

comparison shows that the eleetitemical interaction exhibits a higher stiffness than the

mechanical contact at any level of stress. If the velocity of propagation is assumed to

depend on the stiffness of thetdrparticle interaction, a wave propagating through

particles interacting only via electahemical interactions is expected to travel faster than

a wave propagating through particles interacting only via mechanical contacts at the same

stress. If both moek of interaction are active, the velocity of propagation of the wave

would instead be controlled by the stiffness of the prevailing mode of interaction
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(mechanical or electrohemical) between the particles involved in the propagation. In

turn, the prevding mode of interaction would be controlled by the microstructure.

5.0E+11

45E+11 A

4.0E+11 A

35E+11 A

3.0E+11

2.5E+11 A

2.0E+11

1.5E+11

Mechanical (Hertz)

Contact stiffness [kPa/m]

1.0E+11
-------- Electro-chemical (B olt)

0 100 200 300 400 500 600

5.0CE+10

0.0E+00
Intergranular stress, [kPa]

Figure 4.7. Evolution of the stiffness of mechanical and electnemical interactions

Kaolin clay microstructure during-0 loading can be investigated numerically via DEM
simulationsaccording to Pagano et al. (2018). In that work (see Chaptein3plified
mechanical and electchemical interactions were implemented into a DEM model and
successfully tested against their ability to reproduce qualitatively the compression
behaviour © clay observed experimentally. Two core aspects characterised the DEM

model for kaolin clayKigure 4.8):

a) Each kaolin clay particle was designed as alilaelement (2D analysis) made of
spherical suiparticles bonded together. A negative or positivargh was assigned
to each suisphere in order to mimic the positive or negative charge on the edge and

face of kaolin particlesHigure 4.8a).

b) A novel contact law was assigned to each contact betweespbgoes. The contact

law included both electrohemcal interactions (developing after a threshold
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distance between stdpheres not in contact) and mechanical interactions
(developing between overlapping ssiheres). Piecewise linear functions were
chosen in order to reduce the computational burden. Replagractive
interactions between equal/opposite charges were simulatg@dsits/e/negative

forces respectivelyHigure 4.8b).
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Figure 4.8. DEM model for kaolin clay: a) design of ckiike particles; b) contact
laws assigned to stapheres of claylike particles in different configurations
4.4.2. Effect of pH on wave propagation velocity
Figure 4.9 shows the results of DEM simulations mimicking the -dmaensional
loading of rodlike kaolin particles with active edge-face interaction (coesponding to
the case of pH < p¥ic) and deactivated edgéo-face interaction (corresponding to the
case of pH > pH;c). Pictures of the assemblies were taken at the end of specimen
preparation Figure 4.9a-b, low vertical stress) and after[l loading b the same vertical
stress levelRigure 4.9¢-d, high stresy The locations of active mechanical interactiars
marked as open circles, whereas the locations of active e@dwtmical interactions are

marked as black crosses.
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Figure 4.9. DEM configurations mimicking the orgimensional loading of kaolin particles with active

edgeto-face interaction and dactivated edg¢o-face interaction at high and low stress

For the case of particles in edgeface configuration, the initial microstruce (low
vertical stressFigure49a) i s characterised by the form
more particles, giving the assembly an open structure. Porosity is associated with large
pores formed by pa r-toface Icantscts,6abdmalldpgresdpéesent i a
between particlein subparallel configuration. The interaction between particles occurs
mainly via mechanical contacts (open circles), whereas only a few active -€leeimical
interactions (black crosses) are active. As the specimecompressedF{gure 4.90),
particles are brought closer to each other and the number of active -elemtnaal

interactions increases. Particles interact via both mechanical and -eleetnacal
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interactions, and some of the edgdace contacts chacterising the initial microstructure

are forced to disengage due to external loading.

On the other hand, particles in fammeface configuration arrange themselves into closer
initial microstructures even at low stregsgure 4.9b), and the porosity ohe assembly is
only associated with the small pores betweenparallel particles. Except for particles
interacting with the external walls, the interaction is always elattemical (black
crosses). As the specimen is compressegufe 4.9d), the parttles get closer to each
other and the number of active eleetttemical interactions increases in order to

counteract the external stress.

The different particle configurations and the associated distribution of mechanical and
electrechemical interactionas shown inFigure 4.9 can help interpret the experimental

results in terms of wave propagation velocities observé&igure 4.4b.

Let us consider first the onset of compression (low stress). For the case of pHc< pH
(edgeto-face configuration inFigure 4.9a) the mechanical interactions dominate, as
opposed to the case of pHoHpzc where only electr@hemical interactions are present.
Since the stiffness of the mechanical interaction is lower than the stiffness of the-electro
chemical interactionHigure 4.7), the specimen in edge-face configuration inFigure
49a is expected to exhibit lower stiffness. This conclusion is confirmed by the
experimental data, since kaolin with acidic parater (Specimen Il irFigure 4.4b) is
characterised by a \adity of propagation lower than kaolin with alkaline povater

(Specimen IV irFigure 4 4b).

Let us now consider the case of compressed assemblies (high stress). For the case of pH

< pHepzc (edgeto-face configuration), a number of electbemical interamons become
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active Figure 4.9¢). Particles either pivot on their edgeface contact, or arrange in sub
parallel configuration following the disengagement of the ddgace contact. However,

the mobilised electrghemical interaction between non spdrallel particles appears to be
relatively small, as it involves only the portion of the particle face next to the contact. The
skeleton made by particles in eelgeface contact still carries the majority of the external
stress as discussed in the nexttise, where the force chains developing through the
assemblies at high stress are discussed in detail. As a result, the specimen is still dominated
by the mechanical interactions at the ettyéace contacts. The velocity of propagation
would therefore bexpected to remain lower than for the case eacterated edgeo-face
interactions Figure 4.9d). Again, this conclusion is confirmed by the experimental data
(higher velocity of propagation was measured in kaolin with alkaline water up to a vertical

stress 0590 kPaas shown inFigure 4.4b).

4.4.3. Effect of dielectric permittivity on wave propagation velocity

The second DEM investigation concerns the simulatior@fldading of kaolin specimens
saturated with fluids having different dielectric permitivitA change in dielectric
permittivity affects quantitatively the repulsion between negatively charged particle faces,
either between particles pivoting on their edgdace contact or between particles in-sub
parallel configuration. In particular, thewer is the dielectric permittivity, the higher is the
repulsion generated between the negatively charged particle faces at giveraiitités
distance. The quantitative comparison betweenthemeemr t i cl e repul si on
1), et h2d)paoddeni ex al i sed water (U = 80) can
layer repulsion since a doubl@yer does not exist in dry kaolin and, possibly, in kaolin

prepared with ethanol. As a first approximation, the repulsive elebgmical interactions
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in air, ethanol, and water were scaled in the DEM model by Pagano et al. (2018) according
to the value of their dielectric permittivitfzigure 4.10 shows the calact laws for water

and ethanol describing the interaction between two negatively chargsgiseres.

Particle configuration Contact laws
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0 = etBadol)

@g@@m@ Lsog0s | = = =0 = wilted

1.00E06 -

Force [N]

5.00E07 -

0.00E+00
-6E-07 0

OO Overlap [m] @

Figure 4.10. Contact laws assigned in the DEM model mimicking different

dielectric permittivity of the porduid.

Figure 4.11 shows the results of DEM simulations mimicking high and low dielectric
permittivity of the porefluid (corresponding, for instance, to the case ofmileeralised
water and ethanol respectivel@t low vertical stressHigure 4.11ab), the configurations
associated with high and low permittivity are both characterised by the presence-of edge
to-face contacts, creating open structures due to the formatiadrioige® between
particles. Although the overall porosity of the two specimens is different (i.e. it is lower for
the case ohigh dielectric permittivity wherethe particleto-particle repulsion is lower),
the prevailing mode of interaction is mechanical in both cases, with only a few active

electrachemical interactiond{ack crosses

As the assemblies are compressed (high sttgsypecimen simulating high dielectric

permittivity (e.g. water) contains more sphrallel particles and, hence, exhibits a lower
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porosity fFigure 4.11¢. On the other hand, the specimen simulating low dielectric
permittivity (e.g. ethanol) maintains a more open structure due to the higher repulsion
betwea particles in edgéo-face configuration Kigure 4.11d). The two specimens both
contain particles in edg®-face configuration (mechanical contacts, open circles), plus a

number of loaded electichemical interactions (black crosses).

The different partile configurations irFigure 4.11 can help interpret the experimental
results in terms of wave propagation velocities showeddguare 4.4a. At low stress levels,
the prevailing mode of interaction between particles is mechanical in both cases, and the
nunber of mechanical contacts in the two assemblies appears to be comparable. Hence,
although one assembly has a higher void ratio than the other, the velocity of propagation
would be expected to be the same, as the wave is likely to travel through the same
hetworkod of mechani cal cont d&igureAdacdnfirras e x p €
this behaviour: wave velocities are the same for specimens having air, ethanol; and de
mineralised water as poflid (Specimens |, Il and Il respectively Figure 4.4a) from

the beginning of compression up to a vertical stress of 225 kPa.

At higher levels of stress, both mechanical and eledtemical interactions are
contributing to bear the externals stress. The number of mechanical contacts in the two
specimens slilseems to be comparable. At the same time, the number of loaded-electro
chemical interactions appears to be higher in the specimen with high dielectric permittivity
(Figure4.119. To help understand the relative contribution of the mechanical and electro
chemical interactions to the force transmission mechanismi&rdeechains developing at
high stress throughout the two assemblies are shoviagure 4.11ef. OLoadedd Kk
particles (i.e. particles that transmit a reero mechanical force) are higjinted in black

whereas the locations 6f | o aaleetrddnemical interactions are shown as grey crosses
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(only the intefparticle repulsive forces at least equal to the mechanical force carried by

0l oadeddé particles are plotted in the figtl

The resiting pattern of black particles and grey crosses shows how the forces through
the assemblies are transmitted through mechanically loaded particles, mainly sub
orthogonal, interposed by electchemicallyloaded sulparallel particles. For the case of
high dielectric permittivity Figure 4.11¢ , the force -phabsbhs i seceél
groups of particles in faem-face configuration, which contribute little to the transmission
of the forces. It seems reasonable to assume that a mechanical wave wpatihi® via a
pattern of interconnected loaded particles and loaded elgwdrical interactions, rather
than via separate clusters of particles in flmetace configuration with weakly loaded
electrechemical interactions. On the other hand, for the cddow dielectric permittivity
(Figure 4.11f) the force chains are rather uniformly distributed. Almost all the particles are
mechanically loaded and interconnected directly, with a few elebemically loaded

subparallel particles interposed betwaaechanically loaded particles.

The velocity of propagation through the assembl¥rigure 4.11f would therefore be
expected to be higher than that of the assembiigure4.1ledue t o t he hi ghe
of force chainsinvolving the majority of theparticles Once again, the validity of this
conclusion is confirmed by the experimental evideregure 4.4a): after a threshold
value of vertical effectiveteess is reached (225 kPa), the velocity of propagation is higher
for air, (0 = 1), intermedi snmi @efaflf i sedawa

80).
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strainséo

High dielectric permittivity ( U 80)

Low dielectric

p €

Low stress

High stress

Figure 4.11.DEM configurationgor onedimensional loading of kaolin particlestiv

activeEF interaction at low and high dielectric permittivity and stress (a, b, ¢, d); mechanical

and electrechemical force chains at high stress (e, f)

148



0 P a r-dcaleamieahanisms controlling the response of granular and clayey geomaterials at very
small strainso

45 DI SCUSSI ON ON THE OEFFECTI VEGO DEN
STRAIN STIFFNESS CALCULATION

The results of thexperimental investigation carried out in this study have been presented
in terms of the velocity of propagation of shear wavigsThe analysis of the experimental
data showed consistent variation\@fwith the dielectric permittivity. Such a variatioash

been interpreted via michmechanical considerations based on DEM simulations.

In order to analyse the macroscopic response in terms of soil stiffness, which is the
relevant parameter for practical geotechnical applications, the velocity of propduadion
to be converted into a stiffness parameter. The shear modulus at very smalGgisain

conventionally derived from the shear wave propagation velocity as:
“O ” d) 6

where” is a value ranging between bulk density and dry density depending on the degree

of coupling between solid skeleton and ptiued (Biot, 1956;Qiu, et al., 201p

Figure 4.12 shows the results in terms of shear modulus at serall strainGy against
vertical effective stress. The value Gh was calculated according t&quation6 by
considering the bulk density for the specimens saturated withimeralised water and
ethanol (assuming coupling between the ghrel and thesolid skeleton) and the dry

density for the dry powder.

In contrast to the velocity of propagation, the small strain stiffness does not appear to

follow a consistent trend of variation with dielectric permittivity. In particular, the shear

modulus at verys ma | | strains of Speci men | (dry p
the shear modulus at very smal/l strains o
Specimen lll (saturated withdai ner al i sed wat er, U = ®80) at
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the last value at about 590 kPa, wh&gassumes roughly the same value for air and de
mineralised water. One possible explanation for this behaviour is that the values of the

density used to convert the velocity of propagation into soil stiffnessoa@gppropriate.
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Figure 4.12. Shear modulus of kaolin clay specimens saturated with a) fluids with
different dielectric permittivity, and b) fluids at different pH
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To corroborate this supposition, a second exercise was carried out. The shear modulus
at very small strain of Specimen I, Specimen Il and Specimen Ill was calculated according

to the empirical equation propakby Hardin & Black (1968969):
O pco—%—,, 80 6 Y 7

whereQis the void ratio of the speuen,, is thevertical effective stress, andl 0 "% the
overconsolidation ratiolt is worth noticing that the original relationship proposed by
Hardin & Black contains the terqp §mean effective stress) rather than The vertical
effectivestress is used in this studincethe measurement of the radial stress (necessary
for the calculation of the mean effective stress) was not taken during the tests.
Nevertheless, the effect of the vertical effective stress and the effect of the meaweeffect
stress on the qualitative variation of the srs#édéin stiffness are expected to be the same,
this justifying the use of the vertical effective stre$he values ofG, derived from
Equation 7were compared with the ones derived fr&quation 6on thevirgin loading

path (OCR = 1) as shown kigure 4.13.
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Figure 4.13 Shear modulus of kaolin clay specimens saturated with-a) de

mineralised water, b) ethanol, c¢) air (dry powder), d) alkaline water

As expected,here is an excellent agreement floe tase of water (both deineralised
and alkaline Figure 4.13a andd), which is not surprising as the empirical equation was
calibrated on a range of wateaturated clayey materia{gcluding kaolinite).This also

confirms that the use of the vertiosfective stress rather than the mean effective stress
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does not significantly affect the prediction & in the adoptedtesting conditions.
However, there is a discrepancy for the case of eth&nglre 4.13b) and air Figure

4.130, which tends to incese with the applied stress. For the case of air (dry powder), the
use of an empirical equation calibrated on saturated clay may be questioned. However, the
discrepancy in the case of ethanol is less intuitive as the two clay specimens are saturated
with fluids with a similar viscosity. Once the different density of ethanol is accounted for,

it would be expected that the empirical relation Hgrdin & Black would be able to
capture the experimental data, which is not the case here. Again, one possiblatexpla

is that the value of density used to convert the velocity of propagation into soil stiffness has

not been selected appropriately.

This hypothesis is further explored hereafter. The idea is that, when a mechanical wave
propagates through a soil spaen,only a portion of the solids is involved in the dynamic
motion caused by the propagation of the wave. Hence, only part of the solid skeleton
contributes to the stiffness, as already suggested in the literature. Statied out on
well graded trasitional soils andpolydisperse materialshowed that the presence of
clusters of finer particles may lead to a decrease in soil stiffness, due to the formation of
Oweaké force chains made of particles t

macrosopic aggregateWichtmann & Triantafyllidis, 2009; Goudarzy, et al., 216

The same considerations may apply to the case of thefaneed soil investigated in
this paper. On one handietcomparison showim Figure 4.13seems to suggest ththie
empirical relation proposed bidardin & Blackgives a good estimate of the srastiain
stiffness for the case of clay saturated with waténigire 4.13 a and d), while it
significantly underestimate&s, for the casef dry powder and clay saturated with ethanol

(Figure 4.13b andc). However, in Section 4.4 hasalsobeen showrthatonly a portion
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of the solid skeleton is actually involved in the propagatioth@shear waves, artiatthe
amount of particles contributing to the soil stiffness decreasesindgthasing dielectric
permittivity of the porefluid. This supposition suggests thhe use of théulk densityfor

the calculation oo from measured values of shear wave velociiies (singequation 6)
may give an accurate predictiof Gy only for low values of dielectric permittivity (e.g.
air, in which case the bulk density equals the dry densitjile it would overestimate the
smaltstrain stiffness for the case of pdheids with high dielectric permittivity (e.g.
water). This wouldalso imply that the excellent agreement between the valueG§qof
obtained using Equation 6ié& thebulk modulus) and Equation 7 (Hardin & Black) for the
case of clay saturated with watarFigure 4.13a andd is onlyfictitious, as the empirical
relation proposedy Hardin & Black was indeedriginally derived byinterpreting the
experimental resultgsingthe bulk density (which may not be representative of the portion
of the solid skeleton contributing to the soil stiffness, especially for the case of clay
satuated with water As a result, the use of Equation 7 would ooly lead to the
underestimation 0%, for thecase of air and ethanol as already mentipbetwould also
significantly overestimate the smalirain stiffness of clay saturated with watdspitethe

apparent excellent matam Figure 4.13a andd.

It can be concluded thahe use ofexisting empirical relationships may not be
appropriate for the cases where the soil microstructure and its evolution are expected to
affect significantly thesoil stiffness. Similarly, experimental datannotbe used to derive
soil stiffness directly from Equation 6, but have toappropriatelyreinterpretedThe soil
density used for the calculation of the small strain stiffnegsgumation 6should take ito
account the portion of solids (and associated {flaré) involved in the dynamic motion

caused by the propagation of the waves. This value of density, which may be referred to as
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an o6effectived soil d e nsi tparticles eootriblitedto ferceu a |
transmission, and would be lower thaime bulk density if some particles cease to
contribute to the force transmissiolle nc e, t he 0ef f eocld bev e 6 {
characterised by a scaling factarequal or less than unity, accounting for the fraction of

particles involved in the dynamic motion during wave propagation:

” |O” 8
The 6écorrectedod small strain stiffness wol
“Cj ” (b 9

The scaling factom can be tentatively baegalculated for the kaolin clay specimens
tested in this study. The teremwas assumed to be a function of both the vertical effective

stress, and the dielectric permittivity of the pefel ui d U:

LB 10

The terma was assumed to be equal to 1 at zero vertical effective stress irrespective of
the dielectric permittivitysince the whole solid skeleton contributes to the transmission of
the forces at low stress as would be infefrech the DEM configurations ikigure 4.11a
b. For a giverg, the terma was then assumed to decrease with increasing vertical effective
stress, as an increasing portion of solids appears to cease to contribute to force
transmission upon loading accorditgFigure 4.11ac. For a given, , the terma was
assumed to decrease with increasing dielectric permittivity, since the amount of particles
involved in the force transmi ssiFiguredBlppear

d ande-f).
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To quantify the function | , h , two more assumptions were madde small
strain stiffness calculated for the case of dry powder using the dry de@sity”( ® )
was assumed to be an accurate ptenticof the real soil stihessas discussed earliére.
a= 1 for U = 1 regar)T Thssissin lmé with the paricer t i ¢
configurations shown ifigure 4.11 for low dielectric permittivity where almost the entire
soil skeleton appears to contribute to th#rness even at high stress levels. Furthermore,
the values of5, for the case of kaolin with ethanol and kaolin withrdimeralised water
wereassumed to be equal to the valoé G, for dry powder before the threshold effective
stress(225 kPa), in linewith the measured shear wave velocities. On these bases, the

following expression was obtainéat a:

8
o p QU 11

MNP X-Y@ TBIGTXGXP P

Y

The scale factoa fitted in the range @25 kPa was then used to extrapolate the very small
strain stiffness for kaolin saturated with water and ethamt$ide this range using

Equation 9.

Figure 4.14 and Figure 4.15 show the evolution o& andG, respectivelyagainst vertical
effective stress during |l oading for the «c:
a for the correction of5, led tosmall strain stiffness values consistent with the variation

of the dielectric permittivity, in line with the experimental observations on the shear wave
velocities. If the interpretation shown kigure 4.14 is correctthe use of bulk density in
Equation6 would lead to an overestimation of the small strain stiffnesapoto 50%

(ax 0.5).This is clearly speculation at this staged would requirdurther experimental
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evidence(e.g. static measurements sbil stiffness atvery small straif to corroborate the

underlying assumptions.

Finally, it is worth mentioning that the exggeon ofa in Equation 11does not apply to
the case of kaolin with dactivated edg¢o-face interactions (pk pHpzc), as the entire
soil skeleton is involved in the propagation of mechanical waves when all the particles are
in faceto-face configurationAlso, Equation 11lwould only be valid within the range of
vertical effective stress explored in this study. Indeed, the fraction of particles contributing
to the stiffness of the specimen is expected to increase after reaching a minimum, as the
number ofparticles involved in the dynamic motion is expected to increase gradually once
the vertical stress becomes high enough to bring the majority of the particles into-face

face configuration.
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Figure 4.14. Evolution of the bulk density scaling factor wivertical effective
stress at different dielectric permittivity
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Figure 4.15. Corrected shear modulus of kaolin clay specimens saturated with
fluids with different dielectric permittivity

4.6. CONCLUSIONS

This paper has presenteal micromechanical interptation of the propagation of
mechanical shear waves in kaolin clay specimens subjected tdiroaesional loading.
Different clay microstructures were investigated experimentally by preparing specimens
with porefluids having different pH and dielectricepmittivity. The porefluids having
different permittivity (demineralised water, ethanol, and air) and different pH- (de
mineralised water and alkaline water) led to experimental results in terms of wave

propagation velocity that were not intuitive.

The dserved response was interpreted by considering i) the different stiffness of
mechanical and electrchemicalparticle interactions and ii) the mechanical and electro
chemical force chains as inferred froEM simulations. The micromechanical

interpretatio led to the conclusion that the velocity of propagation of mechanical shear
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waves depends on the nature of the dominating-ps#icle interaction and on the amount

of particles contributing to the transmission of forces throughout the specimen. For the
same force chain density, electrbemical force transmission appears to lead to higher
shear wave velocities than mechanical transmission. For different force chain density,
assemblies characterised by uniformly distributed force chains appear to diataedswith

higher shear wave velocities than assemblies with poorly distributed force chains. In other
words, only the portion of solids contributing to the force transmission would be involved

in the dynamic motion caused by wave propagation.

Accordingly, the use of the bulk density for the calculation of soil stiffness at very small
strain, Go, was di scussed. An o6effectived densi
stiffness, in turn associated with the fraction of solids involved in the propagsdt&hear
waves. A scaling factor for the bulk density was then fmat&ulated from the
experimental data. The correction of the small strain stiffness values based on the

effectived density all owed the myta for
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5. CONCLUSIONS

The aim of this thesis was to investigate experimentally the macroscopic response of
unsaturated granular materials and saturated clayey geomaterials at very small strains, and
to provide appropriate theoretical and numerical to@ds the micromechanical

interpretation/simulation of such responses.
To this end, the main goals were to:

1. Develop a micrescale based model able to link the very small strain stiffigssf
unsaturated granular materials observed experimentallyetoatying intergranular stress

during dryingwetting cycles.

2. Develop a DEM framework (based upon the results of indirect experimental
observations) suitable for the simulation of clay particles, that takes into account the

presence of both mechanicaldbelectrechemical interactions between clay particles.

3. Provide a micromechanical interpretation of the phenomena occurring at the particle
scale during the propagation of mechanical shear waves in dry and saturated clay observed

experimentally, basedpon the results of DEM simulations.

The conclusions drawn in this work regarding each of the aforementioned goals are

described separately in the following sections.
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5.1. MICROSCALE -BASED MODEL FOR GO IN UNSATURATED
GRANULAR MATERIALS

A simple conceptual modé&r the small strain shear modulus of unsaturated granular soils
based on a micrmechanical approach was deriveddhapter 2. The model requires the
knowledge of the water retention characteristics of the soil, and it is based on two
parameters that cabe easily calibrated against the small strain stiffness measured at
saturation and at residual state. The performance of the model was first assessed against
the results of the experimental investigation carried out in this study on an unsaturated sand
specimen. The model was able to capture (both at a qualitative and quantitative level) the
hi gher stiffness observed experimentally
stressdé6 (intended here as the pr §fils tot bet

predict.

The model was used to elucidate the mechanisms controlling the evolution of the shear
modulus at very small strains during dryingtting cycles. In particular, it has been shown
that the breadth of the water retention cuamd the inénsity of the intergranular stress due
to the presence of the menisci have an effedB@rirhe combination of these effects can
lead to the different patterns & during hydraulic hysteresis observed in the literature:
when the intergranular stresstla¢ meniscus contacts is higher than the intergranular stress
atthe saturated contacts and/or the water retention curves develop over a relatively narrow
suction range, soil is stiffer during wetting, and the variatiogis monotonic for both
drying ard wetting paths; when the intergranular stress at meniscus contacts becomes
smaller than the one at saturated contacts and/or the water retention curves develop over a
relatively large suction range, the soil becomes stiffer during drying, and the vaoétio

Gy is norrmonotonic.
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5.2. DEM FRAMEWORK FOR THE SIMULATION OF NON -
ACTIVE CLAY

The lack of appropriate tools for the interpretation and simulation of the microscopic
mechanisms occurring in clayey geomaterials has been addressedajer 3. A
numerical EM framework for the simulation of assemblies of €li&g particles was first
introduced on the basis of indirect experimental evidence, and then usetidite a
conceptual micranechanical model that describes the reversible andrewarsible

interpaticle mechanisms occurring in n@ctive clays.

The proposed DEM framework addressed two main aspects of the simulation of clayey
geomaterials. First, the neapherical shape of clay particles was accounted for by creating
rod-shaped particles made of fmed spherical units. Secondly, the bdsiearelastic
contact laws conventionally used to simulate granular materials were modified by adding
attractive and repulsive lorgnge forces, able to simulate the elecinemical
interactions driven by the pitive/negative charge characterising the surface of clay

particles.

Some aspects of the compression behaviour of kaolin clay observed by Pedrotti and
Tarantino (2017) were considered, including the effect of different-fhgcechemistres
(different pH and dielectric permittivity). An alkaline poiffeuid was simulated by
assigning a homogeneous negative charge to the spheres forming the rods, resulting in the
development of repulsive lorgnge forces. An acidic pefliid was instead simulated by
assigmng a negative charge to the inner spheres of the rods and a positive charge to the end
spheres, resulting in the formation of edgdace contacts. The effect of different
dielectric permittivity of the porfluid was simulated by changing the magnituafethe

attractive/repulsive electrchemical forces.
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A very good agreement was observed between the experimental data and the results of
four sets of simulations based on the calibration of the parameter defining the slope of the
electrechemical interactin (i.e. the stiffness of the Coulombian interaction for different
porefluids). In particular, the DEM framework was able to reproduce at a qualitative level
both a) the dependency of the slope of the unloadilupding compression curves on the
pre-con®lidation stress, and b) the compression behaviour upon virgin loadinglargl
unloadingreloading paths. The ability to successfully reproduce clay behaviour at a
qualitative level based on a simple calibration procedure shows promising potential for th

proposed DEM framework.

5.3. MICROMECHANICAL INTERPRETATION OF WAVE
PROPAGATION IN NON -ACTIVE CLAY

The effect of different clay microstructures (obtained experimentally by preparing
specimens with porBuids having different pH and dielectric permittivity)as explored
further by looking at the velocity of the propagation of mechanical shear waves during
onedimensional loading(Chapter 4). The observed response was interpreted by
considering i) the quantitative comparison of theechanical and electchemial
interactions developing between two clay particles, and ii) the examination of the
mechanical and electchemical force chains as inferred from tB&EM simulations

presented itChapter 3.

The DEM framework represented a valuable tool for the microarecal interpretation
presented in this study. The particle scale mechanisms occurring within the simulated
specimens suggested that the velocity of propagation of mechanical shear waves is strongly

dependent not only on the nature of the interaction l@wmarticles (mechanical or
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electrachemical), but also on the amount of particles contributing to the force
transmission. If the force chains are not uniformly distributed throughout the specimen,
only the portion of solids contributing to the force tramssion would be involved in the

dynamic motion caused by wave propagation.

The results of the micromechanical analysis implicitly suggested that the use of the bulk
density for the calculation of soil stiffness at very small sti@y,may not be approjate
if large portions of the soil skeleton do not contribute to the force transmission. The
inconsistency of the trend of variation @§ inferred from the experimental data and their
comparison with the small strain stiffness calculated from existingiriealpmodels
seemed to confirm this supposition. There
and it was backalculated from the experimental data by applying a scaling factor to the

bulk density
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6. RECOMMENDATIONS FOR FUTURE
WORK

6.1. SMALL STRAIN STIFFNESS IN UNSATURATED SOILS

The microscaldased model presented@mnapter 2 seems to capture the soil response
observed experimentallyell, but has been validated only on the basis of the results of the
experimental investigation carried out in thstudy. Although a lot of experimental
investigations of the small strain stiffness of unsaturated soils have been carried out in the
past years, most of the data that can be found in the literature are not suitable for the
application of the proposed mod&ome of the studies only focus on the effect of suction
and degree of saturation along either a drying or a wetting path, which does not allow the
effect of hydraulic hysteresis on soil stiffnassbe explored. Other studies explore the
water retentiorbehaviour of the tested specimens over a range of saturation that does not
extend to the residual condition. The small strain stiffness corresponding to the residual
degree of saturation needs to be inferred experimentally in order to calibrate the model

parameters.

It would therefore be interesting to carry out extensive experimental investigations on
different types of soils (both courggained and fingrained soils) in order to validate the
model over a wider range of experimental data. This woulcbafse require the use of
different (and more complicated) techniques for deriving the water retention behaviour of
the specimens, as the hanging water column method is only suitable for soil specimens
having relatively lowsuctionair entry values. The lidation of the model over a wider
range of experimental data would also all

be indentified in the present watdbe found.
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6.2. DEM SIMULATION OF CLAYEY GEOMATERIALS

As mentioned irChapter 3, the DEM framewtk presented in this study for modelling
clayey geomaterials is indeed characterised by a number of limitations. Since the aim of
the DEM framework was texplore the potential of the newly designed contact laws for
capturing the main features of the mawapic response of naactive clay, the model had
to be kept simple. In particular, the number of model parameters had to be kept to a
minimum in order to simplify the calibration procedure. With this in mind, the aim of the

present study has been succabgfichieved.

However, further analyses would be required to improve the DEM framework for
modelling clayey geomaterials. Figstthe creation of hexagonshaped particles moving
in a 3D space and the use of polydisperse-diz&ributions would accau for geometrical
effects that could not be considered in the analyses carried out in this study. This would
require the use of powerful computing machinery as the number of particles in the domain

would increase dramatically.

Secondly, more realistic ostitutive relations could be implemented in the DEM
model, such as the Hertzian contact law for the mechanical interactions and the functions
describing the DLVO theory for the electtbemical interactions. Once again, this would

significantly weigh dowrthe computational procedures.

With these additions to the DEM modelis expected that a quantitative prediction of
the macroscopic behaviour of clayey materials (not only during compression, but also

during shearing) could be achieved
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6.3. SMALL STRAIN STIF FNESS IN CLAYEY GEOMATERIALS

The micromechanical interpretation of the propagation of mechanical shear waves in
kaolin clay specimens subjected to ahemensional loading Ghapter 4) led to the
conclusion that the velocity of propagation of shear wavesratpon the nature of the
dominating intetparticle interaction and on the amount of particles contributing to the
transmission of forces throughout the specimen. In turn, it was speculated that the use of
the bulk density for the calculation of soil stiéfss at very small straig,, may not be

appropriate if large portions of the soil skeleton do not contribute to the force transmission.

This assumption could be corroborated by further experimental evidence. The values of
Go obtained from the majorityfdaboratory (and field) tests, including the bender element
technique, are not measured directly. When using dynamic methods, the small strain
stiffness is inferred by the velocity of propagation of mechanical waves, or by the
resonance frequency of theesimen, via the soil density. If the relationship used to derive
the stiffness from these quantities is not correct, there is no way to infer a reliable value of
soil stiffness. However, the use of different techniques for the local measurement of the
shar strains would allow for the direct evaluation of the stiffness, and would therefore

lead to more accurate values@f

Furthermore, the conclusions drawn in this study could also be confirmed by
performing further DEM analyses. The DEM framework présegin Chapter 3 was used
in this study only as a tool to investigate the force transmission mechanisms during the
onedimensional compression of cHilke particle aggregates. However, the same DEM
model could be used to investigate the dynamic respdnslayslike particle aggregates

during the propagation of an input disturbance. This approach was not pursued in this
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study as the simulation of a mechanical disturbance would have required the use of larger

virtual specimens, thus increasing the compoiteti burden significantly
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7. APPENDIX AT PREPARATION OF
BENDER ELEMENTS IN A MODIFIED
TRIAXIAL CELL APPARA TUS

In this study, the Bender Element (BE) technique wasptadl in order to measure the
velocity of propagation of mechanical shear waves through sand and kaolin specimens.
BEs were constructed and embedded in the pedestal and top cap of a standard triaxial cell
apparatus (maximum specimen diameter 100 mm). Toeedure for the preparation and
installation of the sensors is described in details. The steps for the preparation procedure

include:

i) preparation of rubber moulds for BE coating;

i) preparation of rubber moulds for BE insertion in plastic casings;

iii) 3D-printing of plastic casings for BE embedding in the top cap and base pedestal;

iv) BE coating;

v) BE wiring, shielding and grounding andceating (if applicable);

vi) BE insertion in plastic casings and embedding in the top cap and base pedestal.
7.1. RUBBER MOULDS FOR BE COATING
Since BE sensors are designed to be used in the presence of water (i.e. within saturated or
unsaturated soil specimens), a covering wateof layer has to be provided in order to
prevent the water from getting in contact with the sensors and the whaatrical circuit.
In this study, the coating procedure (see Sectid) was carried out within purposely

designed rubber moulds, which could be easily removed and disposed of after use.

Figure A1 shows the steps followed for the creation of the eubboulds. A three

piece metal casing was manufactured in order to accommodate the rubber during its curing
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process and give the required shape to the rubber moulds once cured (Figyfid)A A
two-part RTV silicon rubber (Polycraft H8120 RTV High Temerature Silicone) was

used to create suitable moulds for the coating procedure. For each mould, 10 grams of red
silicone base were poured in a plastic cup and mixed with 1 gram of curing agent (mix
ratio 10:1), in order to obtain a fluid mixture. The mbewas then poured in the three

piece metal casing (Figure-ZEc), which had been previously put together and sealed with
the aid of grease in order to prevent the leakage of liquid rubber through the junction
surfaces. The liquid rubber was left to setthel curefor at least 8 hour®nce cured, the
hardened rubber was -deoulded by dismantling the metal casing (Figurdd 1e, 1f),

which could then be rased for the preparation of other moulds.

urs

d) e f)

Figure A1: Preparation of rubbr moulds for BE coating
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