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ExtendedSummary and Conclusions

1. Introduction

Soil improvementtechniques have traditionally been implemented in liquefiable soils
(Seed and Lee, 1966) tocrease their liqguefaction resistance and limit deformations.
Dynamiccompaction, vibrocompaction, vibroflotation and pressure grouting of cement,
clay, or other chemical solutions through a network of boreholes have been successfully
applied in the field[ D@ppolonia et al., 1955; Donovan et al., 1984; Maher et al., 1994;
Mayne et al., 1984). The first three methods provide direct contrtthe density of a sand
deposit but may not be feasible in developed sites where methods based on grouting may
be more suitable In recent years, a newdassive site stabikationOmethod has been
proposed for the remediation of liquefaction potential in developed sites urldeleast
disturbance (Gallagher and Mitchell, 2002).

Dilute colloidal silica or sodium silicatgdrosol (ller, 1979; Brinker & Scherer, 1990) is
slowly injected into the ground and transported through the saturated soil matiszing
natural or enhanced groundwater flo@rigure 1) (Gallagher et al., 2007; Jurinak et al.
1989), or by electramsmosis (Thevanayaga& Jia, 2003). The silica hydrosol has low
viscosity during the injection phase and thickens in a controllable manner to form a stable,
non-toxic gel; he gel fills the pore space, retains the pore waterd supports the grain
structure. The feasibility of this method has been examined in field tests reported by
Gallagher et al2007).
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In the laboratory, a number of studies were undertaken to investigate the behavior of
stabilizedsands. A review of the literature suggested that sand stabilized with silica gel
shows enhanced strength associated with extreme dilation (Kodaka et al. R0G&5no et
Ff® HAMHT t2NOAY2 YR al NOALFYS5S WamMTT DS2NHJ
resistance (Gallagher and Mitchell 2002; ErRadriguez et al. 2008; Porcino et al. 2011,
2015), compared with untreated sand. Conlee et al. (2012) perforoeedrifuge model
tests on loose sand slopes stabilized with colloidal silica and found that the stabilization
prevented the lateral spreading of the slopétowever, a paradox exists at the heart of
treated sand behavior. Despite its enhanced dilatancgated sand produces a more
counterintuitive response to shearing and normal compression because it is softer
compared with untreated sand. For treated sand, Spencer et al. (2007) reported a 50%
lower shear modulus compared with untreated sand samples somant column tests.
Moreover, Kodaka et al. (2005) observed higlsérain ratesand excess poreater
pressure accumulation under cyclic loading. Porcino et al. (2011, 2015) also observed that
untreated samples developed limited shear strains before tmsed of liquefaction,
whereas shear strains of grouted specimens increased gradually with loading cycles in
cyclic simple shear tests. Georgiannou et al. (2017) and Ciardi et al. (2020) reported higher
volumetric changes under normal compression for theated sand.

Extraction ?’t'ah"‘imf
Tweus mjectmn,l,

wells |z
70 |2 w__| Building hvd | v
W\
N HPiles J /"}H
Liquefiable Layer
= —

E Trench containing
stabilizing material

=[=] I

Building |_g ullt—S——

> _—_
i HPiIesH «—/\| [Groundwater

flow

Stabilizer transported <« <€;—

by grondwater flow

Figure 1. Concept of passive site stabilization: (a) augmented (induced); (b) natural
groundwater flav (Pamuk et al., 2007)

Researchers have characterized the treated sandaaml withdcohesivé properties
(Kodaka et al. 2005ps édense sand (Porcino et al. 20129r as ostructured sand
(Georgiannou et al. 202QMitchell (1976) definedBtructureCas the combination of fabric
and interparticle bondingNatural sof3 deposition process creates a preferred particle
orientation parallel to the horizontal plane, causing a loadingdiio® dependency (Oda.
1972, Oda et al.1978).The primary orientation and shape of the particles, ti@mal
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contact vectors and the distribution of the voidscan be defined as fabric. After
sedimentation, fabric keeps changing during loadimgpadingprocess, developing an
induced soil anisotropy (Casagrande and Carrllo,1944, Arthur 1972, Oda 1972, Wong and
Arthur 1985).The effect of fabricanisotropy on clean sand behavior has long been
recognizedby Bishop (1971and studiedby several researchergiowever,no attention

has been paid to the characterization and modelindabfric anisotropy in stabilized sand
since the laboratory tests in the literatuege limited to compressioniestsor cyclicsimple
shearand triaxiakests.

Assessingsoil@ anistropy is essential sincenost geotechnical problemsnvolve
complex loading condition&cludingchanges irthe magnitude and direction of principal
stresses(1, " 2, " 3). The angle of the@axis to the vertical, whereQis the major principal
stress, is expressed asRotation of the stress principal axis (PA) in varying amounts (from
h=to 90°) in concurrence with increasing shear stress loading is commonly encountered
in soil structures such as foundations, embanktsgFigure2), underwater slopes, etc.
OLAKAKINY 9 ¢26KFGlFZ mMopyoT %RNI @1.20A06 Si

o, T.C. Triaxial Compression
T.E. Triaxial Extension
S.S. Simple Shear

H.C. Hollow Cylinder

Figure2: Limit equilibrium stress state beneath an embankment

To assess the influence dean san@ anisotropy triaxial tests were usually employed
to evaluate the mechanical response of sands. Lower strength in extension than in
compression loading mode waspeatably observed (Miura and Toki, 1984, Vaid et al.
1990, De Gennaro et al., 2004, Georgiannou, 2006). In conventional triaxial testing, the
state of the stress is axisymmetric. In compression mode, the intermediate principal stress
("2) is equal to theminor principal stress g); thus, the intermediate principal stress
parameter is equal to zerdH( m), and the direction of the major principal stress is

a a
a a
parallelto the vertical axish(=0°). On the contrary, in extension mode, th#ermediate
principal stress'(2) is equal to the major principal stress); thus, b=1, and the direction
of the major principal stress is normal to the vertical ais9().

To investigate soil anisotropy without advanced equipmeatne researchersrppared
specimens with different angles of the bedding plane (Oda 1972, Arthur and Menzies 1972,

- f
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Guo 2008, Tong et al. 2014, Farhadi et al. 2017). Their results indicate that the soil strength
depends strongly on the primary bedding plane orientation.izitiy the Hollow Cylinder
Apparatus (HCA) that enables independent control not only of the magnitude of the three
principal stresses (' o' 3) but also of the inclination of the majgminor principal stress

axes l{) a number of studies were conducted f@ing on undrained loading at various
fixed principal stress directions (in the range(® to h=9(¢) (M. Yoshimine et al., 1998;
Nakata et al., 1998; Shibuya et al., 2003a; Georgiannou et al., 2018; P. K. Triantafyllos et
al., 2021).In general, as the diation of the major principal stresdeclines from the
vertical direction sands exhibit brittleness, the strain response becomes sddtet the

stress ratios at peak state diminish due to the alignment of the major principal stress
direction toward the weak horizontal bedding or parallel to the bedding plane.

Earthquakes, sea wavay traffic loadinginduce continuous rotation of principal stress
axes, also known as rotational shgtshihara& Towhata 1983;Zdravkowd et al., 2002;
Wijewickreme& Vaid 2008) Rotational shear tests can Iperformedin a Hollow cylinder
apparatus.During these tests, the principal stredgection changes while the principal
stress values remain constant. Stress rotation is applied continuously, initiatingdgt
and the stress path in gp(space is a stationary poirstress paths are also plotted on the
deviatoric stress plane intcuced by Towhata and Ishihara, 1985, which is meaningful for
HC tests since the vertical axis plots the shear stress:YwARich is related to the torsional
mode of shearing, and the horizontal axis plots the shear stress Q& @), which is
associated withthe deviatoric compression mode of shearing (iteaxial mode). The
stress path is a circle, centered at the origin of the stress space, with radius equal to
deviatoric stressg=1-"3, as indicated inFigure 3. Under undrained conditions,ven
though the magnitude of applied shear stress is kept unchanged, the rotatidheof
principal stress axes always resultplastic deformationpore pressure buildip, and can
eventuallylead to liquefaction(Ishihara & Towhata, 1983; Shibuya & Hight, 1987; Nakata
et al., 1998; Yang et al.0@7) Under drained conditionshe stressstrain relationship and
deformation mechanism can be better established since the effective stress paths can be
fully controlled. Despite the values of the magnitudes of effective principal stresses kept
constant, accumulation of volumetric contraction and shdaformationcan be induced
by the rotation of principal stress axes alomeainly during the first 20 cycld&. Miura,
Miura, et al., 1986; Symes et al., 1988; Tong et al., 20@jcoaxiality, defined as the no
coindadence of the principal stress direction and the corresponding strain increment
direction,is inducedwhen granular soils are subjected to loading paths inaglprincipal
stress rotationsindicating strong anisotropy. Noncoaxiality is strongeringcontinuous
rotation compared to monotonic loading with fixed principal stress direction and
diminishes gradually with increasing shear strains (Cai et al. 20413y et al. 2015,
Triantafyllos et al. 2020)

The effect of the intermediate stress parametéx, on the response of sandsasalso
beeninvestigatedn the past few decade@vl. Yoshimine et al., 1998; Shibuya et al., 2003b;

v
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Z. X. Yang et al., 2007; Tortgak, 2010) The test results indicated that as the b value
approximates 1the soil specimen exhibits intense stiffness degradation and generates
greater excess pore pressutmder undrained conditions or enhances the contractive
behavior under drainedanditions.

|
214570,
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Figure3: Principal stress rotation tes8ress path in the deviatoric planeY

In the following chaptersthe overall behaviourof stabilized sands is examined
experimentally. The abovementioned issues related with sand behaviour are addressed
for stabilized sands. Then the sand behaviour is used as a frame of reference to assess the
behaviour of stabilized sands i.e. in terms tbe strengthdilatancy characteristics,
stiffness, liquefaction potential, the effect of the intermediate stress parameter, and fabric
changes due to principal stress rotation.

2. Materials and Test Methods

Specimens were prepared from twoiform mediumfine and fine quartz sands, one
(M31) subangular and the other angular [Lestgne (LS)]. Aeir properties are
summarized in Table 1, and their gradigs are shownn Figure4. Ludox SM30 was
selected as the staldlng agent of specimens, supplied as a d3®faveight silica aqueous
a2t dziA2y OKE@RNRA2fTUO GAUK | QA aaendansavetge2 T pip
particle size of 7 nm. Distilled water was added to the initial hydrosol in order to obtain a
CSoncentration of 10% by weight and sol viscosity thatlitsle aboveonecP. Electrolyte
(sodium chloride (NaCl)) and acid (hydrochloric acid (HCI)) were added to adjust the ionic
AONBYy3IGK (2 | @LtdzS 2F ni no b nsityeRol thitgkéss LI S¢
quickly as the colloidal particles collide and siloxane bonds are formed. The gel time was

\%
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defined as the time needed for the viscosity to rise above 100 cP, which is a threshold for
a further exponential increase in viscosity. Thetmeé was calculated to been h for the

M JE: [ { ZandipgH& 6 hybdros¢Agapoulaki & Papadimitriou, 2018\ photo of the
hydrosol with C8oncentrationof 10% by weight is presented figure5(a)and after the

gel formation inFigure5(b). Figure5(c) showsan optical micrograph of the hydrogel

Tablel: Properties of M31 and Longstone sands

Sand GsS €max ©min Dsomm

rom 266 0870 0.528 0.3
Longstone 2.64 0.995 0.614 0.15

100

) .

Longstone sand

M31 sand

Percentage finer (%)
1

D 1 L 11l ]I 1 1 lIlllII 1 i1 11111
0.01 0.1 1 10
Particle size (mm)

Figure4: Grainsize distribution curves and micrographs of optical microscope images of
sand grains

Figure5: Photos of Hydrosol CS=10%: a) whiest preparedb) aftergel time and cpptical
microscope imagef colloidal silica gel

Vi
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The water sedimentation method is used to prepare the sand specimens; this method
yields uniform and repeatabl@mples with a fabric similar to that of natural deposits (Vaid
et al, 1999) and with more pronounced inherent fabric anisotropy (Kodicherla et al.,
2018). Denser specimens were obtained by tapping the outer sides of the mold after the
sand had settled throughthe water. Treated sand specimens are formed by the
sedimentationof the dry sand through the hydrosoh curing time of 50 h at room
temperature while airdrying was preventedwas adopted for specimen preparation.
After the formation of the gel, the specimens can be handled without the rieesiiction
application, & is the case with sands.

In triaxial tests, the treated specimens are formed at the target density, similar to
untreated sand, in split molds of $9m diameter andLO0 mmheight(heightto-diameter
ratio of 2) and split molds of 3&m diameter and 76nm height. The former indicated no
apparent specimen size effe¢h Hollow cylinder testdthe model specimen has an initial
inner radius, Rof 20 mm, outer radius,.Rof 35 mmand height, H, of 140 mm, occupying
an initial volume of V = 363 c8pecimendor direct shear tests are formed in molds 60
mm in diameter andapproximately 24 mm in height. Specimens for oedometer tests are
formed within the apparatusgy filling the oedometer ring with hydrosdbllowed by sand
sedimentation Figure 6 shows optical micrographs of the treated sand specimime
presence of hydrogel at interparticle contacts may be inferred, as it covers the space
between the sand particles at the bottom (A) and top (B) of the micrograph.

* { Sos

lloidal silica _j
AV %

Figure6: Optical micrographs showing treated sand spegime

Traxial tests were carried out in computeontrolled Bishop and Wesley (1975) triaxial
aGNBaa LIGK OSftfa oAGK Iy | OOdzN>I e 2F pnodpi
Triaxial tests were also performed on a hjgiessure triaxial cell with maximu cell
pressure of 7 MPa and maximum axial load of 50 kN. The2 & 1 SYQa 2@SNJI f f &
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for higher pressures. Submersible linear variable differential transdug¢&BTs) were

mounted diametrically opposite over a central axial gauge length of the specimens to
measure axial displacements in the range from 0.005% to 1% having a resolutrn of 1

Hollowcylinder testsvere performed in a hollow cylindapparatus (HCA), custehuilt
at the National Technical University of Atheas a frame manufactured by Seiken initially
described by Georgiannou et al. (2008)general view of the apparatus is giverFigure
7. The hollowcylinder apparatus (HCA) has been upgraded to provide independent control
of vertical load F, outer cell pressure, piner cell pressureipandtorque, [ to generate
stresses ;, ', -,and’ z in the wall of the specimen, as shownRigure7. Pore pressure
is measured using an external pore pressure transducer connected to the base pedestal.
Vertical displacement is measured using a dial gaagd the torsional angletilizing a
potentiometer. Changes the specimer® volumeare measured by burette equipped
with a differential pressure transducemMoreover, the installation of another burette
equipped witha differential pressuretransducer connected to the innehamber enables
the measurement of the inner and outer radius changes. These upgrades allow for the first
time the computation of all the strain componentsdependently 6 @S NIiA O f B
circumferentialé-, and radialé, strain). The equations used to calctdathe stress and
strain components are presented iffable2 (Hight et al., 1983; Yoshimine et al., 1999;
Georgiannou & Tsomokos, 2008)

It is well accepted that colloidal gels can undergo sweltingng, liquidmigration within
the gel, and phase transition frosolidHlike to a viscoelastic liquid upon application of
shear. Consistent volume changes have been measured in treateds under normal
compression, depending on density and nornsdtess. Moreover, uner isotropic
compression of treated sand tite same density and confinement, similar volume changes
were observed whether confinement increased at a slow rate or at arédstfollowed by
a rest period, indicating a unique reactioneaéfective stress ciinges (Triantafyllos et al.
2021).Consequentlywhen testing treated sand with the pore space filled wattiloidal
gel, volume changeand porewater pressure measuremens paramount and feasible
(Porcino et al. 2011, 201&eorgiannou et al. 2017; Kdkdmaet al. 2005; Triantafyllos et al.
2021) All triaxial and hollow cylinder specimeoftreated and untreated sand were first
saturated by applyingelatively high initial values of back pressure (@000 kPa)All
specimens are saturated with B valu@s® | G S NJ Dr&imeg loadiigdfisimilar treated
sand specimens yielded repeatable results when the paegsure was varied in theange
of 300to 700 kPaindicating that increasing the pomgater pressure within this range does
not induceany measuabledamage to the gel.
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Figure7: Hollow cylinder apparatysipplied loading to the specimemdprincipal stresses
on an elementomponent

Table2: List of equations

Direction HC Stress
w 1R i
Vertical , - n - N
i i i i
_ . ni ni
Circumferential ” -

N | i
Radial ) rl‘l lﬂ
; oL
Rotational t _
¢ i
Principal Stress
Major ) » " » " +
q S
Intermediate ” »
Minor ) ” " " " +
S q
Parameters Stress
Deviatoric stress r'] p o o o 1
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. ” & ” & ” & ” ” ”
Meaneffective stress n 0
o o
Difference M
v ”
¢t
Intermediate principal stress ratio o —
principal strain increment angle 0 6xEd 9. O

3. Test Results

3.1 Normal Compression Tests

In orderto investigate the compressibility of treated sandrmal compressionests
were carried outin the oedometeron the subrounded M31 and the subangular LS sands
with and without treatment with the CS10%aqueous gel. A range of densitiegas
examined for M31 and LS sands, the latter attaining lostaes at deposition due to its
angularity The normal compressiaturves are presented irigure8 andFigure9 for M31
and LS sand, respectivelyhe results confirm that normal compressitmadinginduces
higher volume changes in the treated compared withtreated sand. Moreover, this
response of the treated sand is repeatedlyserved at low and high densities and applies
to both subangular and angular sandfghen rapidly compressed unddrained conditions
in the oedometerthe compression curves of the treated sands show curvaas¢hey
depart from the corresponding curves of the untreated samith increasing stress level
a sign of structural breakdown. It hagen reported in the terature that the percolated
network formingthe structure of the aqueous gel can be easily damaged and the gel
transitions to a liquid state. It catus be inferred that during normatompressionthe
gel is being damagednd free water is pusheaut ofthe pores inducing structural changes
in the treated sand until yielding has fully developed at a ksgjless level and the treated
sand has attained its densest state.

Ciardi et al(2020)conducted1D-compression testand ound similar resultsTreated
sandwith a 2-13% CS conterdppearedmore compressible than the untreated onEhis
observation was made inldests performed under different initial and boundary ties}
conditions However, the compressibility of samples treated with CS > 5% grouts was
comparable with that of sand treated with CS = 5%, suggesting that this negative effect
does not significantlincrease as the silica solids percentaigesabove a given threshold.

Figurel10 and Figurell presentthe resultsfrom the loading andunloading curves of
the normal compressiontests for M31 and LS sand, respectivelyheunloadingcurves
from treated specimensare less steep compared to the loading curves, as in the case of
the untreated sand. Under unloading, the volumetric changes of the treated specimens

X



Extended Summary and Conclusions

are similar tothose of the untreated ones for both sandsnder normal compression, the
treated sand show significanthhigher volumetric changethanuntreated sandfor a wide
range ofdensity, but theelastic deformation of treated and untreated sands is the same.
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Figure8: Onedimensional compression tests on M31 sands
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Figure9: One-dimensional compression tests on Longstone sands
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Figurel0: Onedimensional compression tests &Mi31 sands (Unloading)
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Figurell: Onedimensional compression $¢&s on Longstone sands (Unloading)

3.2 Direct shear tests

The testing program included direct shear tests on M31 a&dsands in their treated
and untreated states for normal (i NB 5& B&550 KPa, and relative densities=Dr
43% 93% Test details are described Table3. In the shear boxstrain rates of 0.005
mm/min and 0.5 mm/mn were applied on the treate@dnd the untreated specimens,
respectively.Typical test results are illustrated Figurel2. The results are depicted as
stress ratio /" Q against horizontal displacement and vertical displacement against
horizontal displacement curve3he results of direct shear box tests show a significant
increase in the angle of shearing resistance obseatdower stress levels that diminigh

GAGK AYONBlIaAy3

aiNBaa

characteristic associated with destructuration.

Table3: Direct shear test details

t S PG sipnificaaty highér ol & a
the treated sand at medium density than the untreated sand at the same density;
meanwhile, stress ratios at ultimaterehgth coincide for treated and untreated sarithe

stress ratio at peak strength is streleel dependent only for the treated sand, a

Test Void ratio, Normal effective stress Sand Treated
€ " (kP3
M-1 0.641 125 from -
M-2 0.656 555 rom -
M-3 0.696 125 f oM -
M-4 0.535 125 from -
M-5 0.651 232 from -
M-6 0.661 232 from -
M-7 0.528 232 from -
M-8 0.626 232 f oM -
M-9 0.658 340 from -
M-10 0.550 125 from -

Xl
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M-11 0.554 555 fr oM -
SM1 0.639 125 rom T
SM2 0.632 555 oM T
SM3 0.637 196 oM T
SM4 0.647 232 oM T
SM5 0.612 232 oM T
SM6 0.643 268 rom T
SM7 0.646 340 rom T
SM8 0.681 340 rom T
SM9 0.655 53 f oM T
L-1 0.753 340 Longstone -
L-2 0.737 555 Longstone -
L-3 0.681 340 Longstone -
L-4 0.765 53 Longstone -
L5 0.760 125 Longstone -
L-6 0.759 232 Longstone -
Sk1 0.735 340 Longstone T
Sl:2 0.760 555 Longstone T
Sk3 0.654 340 Longstone T
Sk4 0.766 53 Longstone T
SkS 0.765 125 Longstone T
Sk6 0.757 232 Longstone T
Note: e, initial void ratio after consolidation

" Q, Normal effective stress after consolidation
T, Treated specimen

Figure12(b) presentsthe volume change characteristics of treated samwtlich shows
initial contraction at comparable levels with the untreated sand, followed by extremely
high dilatancy rates at peastrength Continuous dilation up to the ultimate strength
results in verticadisplacement four times higher compared with that of the untreated
sand. This enhanced dilation has been consistently obseivate literature, where
treated loose sand is ceideredequivalent to dense untreated sand (Porcino et al. 2012).
A dense sand specimen, shown as a broken line, exhilwiser rate of dilatancy and final
volume change than thizgeated specimen despite tHewer initial contraction of the latter
due to its lower density.The ultimate vertical displacement of the treated sand is
significantly higher than the mean grain sizehich sets the limit for the vertical
displacement observed in dense sand. A®sult, the ultimate void ratio of loose and
medium-density treated sand is significantly higher than that of sand at the same density
despite both being sheared at the same ultimate stress ratio. This indicates that their grain
structures inside the shear band differ significantly. With structure deffing Mitchell,
1976, as the combination of interparticle bonding and fabric, the behaviour of treated sand
is dictated by a strong dilating fabric. It is worth noting that the peak stress catiours
with maximum dilatancy for treated and untreated sangicating weak inteparticle
bonding(Cuccovillo & Coop, 1999)

The aforementioned behavioral patterns are also observedHerangular LS treated
and untreated sand, shown figurel3. TreatedLS sand shows strels/el dependency
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and ultimate vertical displacementws/o to four times the limiting displacement value of
the mean grain diameter approached by the untreated dense stwgvnin abroken line
The response similarity between the two sands indicates that sargiilarity does not
weaken or fluidize the gel, as may have beestulated.

The strength envelopeat peak solidsymbols) and ultimatéhollow symbolg statefor
treated (red lines) and untreated (blue lines) M3hndare presented inFigure 14(a).
Treatedsand show a negligible apparent cohesion intercept, and the angle of shearing
resisence is strestevel dependent with a value of,=n M ®o@fIMiH p° 1 tpdo plcy R G,
higher stress levels comparédA (G &o H.®pc 20 aASNIBSR F2NJ dzy i NBI G S
power¥ dzy O (i=k & yf £8P with an Rvalue of 0.998 in theange up to 600 kPa. At
peak strength conditions, the frictionaharacteristics of the treated sand tend to those of
the untreated sands stress and strain level increases, whereas, comparatively, at ultimate
strength, they coincid, indicating weak bondindrigure14(b) shows the corresponding
strength envelopes for LS san@lhe peak strength envelope for treated LS sand is
curvilinear,reflecting the stresdevel dependency of strengtlespecially at lovstresses,
as was the case for treated M31 sand. A power functiom ® o oP®R best fits the
treated sand data for the examinatbrmal stresses (up to 600 kPa) with ahvRlue of
0.999, and dinear curve fitting (R=0.999) is presented for clean LS sand. Both sands show
a tendency for a common ultimatgrength for treated and untreated specimens

a) b)
1 0.1
09—
- 0
0.8
B £
0.7 £ -0.1
i =i
ver, £ 0.2
- =
05 2
= =3
0.4 5 0.3
: ——— SM-1 ¢=0.639 ¢'y,=125 kPa =
03 —4— SM-2 ¢=0.632 ¢'y,=555 kPa % 4
—@— M-1¢;=0.641 ¢'y,=125 kPa g *
0.2 —h— M-2 ¢=0.656 6',,=555 kPa
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Figure12: Direct shear tests on treated and untreated M31 sands: (a) stress rat®
against horizontal displacement curves; and (b) vertical against horizontal
displacement curves.
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Figure13: Direct shear tests on treated and untreatédngstonesands: (a) stress ratio
_I" Qagainst horizontal displacement curves; and (b) vertical aghorstontal
displacement curves.
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Figurel4: Peak and ultimate strength envelopes for treated and untreated a) M31 and b)
Longstone sands in direct shear tests

3.3Monotonic Triaxial tests

Treated sand is systematically studied using undrained and drained ttistglto verify
the above observations and propose a framework to describe its behaViesg Q
characterstics are included ifable4.

XV



Pavlopoulou Eleraria

Table4: Triaxial tests

Test Void ratio, Mean effective stress Treated Loading Drainage
e pQRkPJ
MD-1 0.710 200 - C straincontrolled D
MD-2 0.717 300 - G straincontrolled D
MD-3 0.691 500 - G strain-controlled D
MD-4 0.676 700 - G straincontrolled D
CD1 0.748 200 - G straincontrolled D
ED1 0.737 200 - E, straincontrolled D
SMDB1 0.744 100 T C straincontrolled D
SMDB2 0.751 200 T G straincontrolled D
SMDB3 0.721 300 T C strain-controlled D
SMDB4 0.722 500 T C straincontrolled D
SMD5 0.711 700 T G straincontrolled D
SMD6 0.685 1000 T G straincontrolled D
SMD7 0.673 2000 T G straincontrolled D
SCEL 0.751 200 T C straincontrolled D
SEDL 0.742 200 T E, strain-controlled D
SERR 0.740 200 T E, stresscontrolled D
MU-1 0.708 300 - C straincontrolled U
MU-2 0.681 1000 - C straincontrolled U
MU-3 0.662 2000 - C straincontrolled U
MU-4 0.663 300 - G straincontrolled U
MU-5 0.670 500 - G strain-controlled U
Cul 0.738 200 - G straincontrolled U
EU1 0.744 200 - E, straincontrolled U
EU2 0.741 200 - E, stresscontrolled U
SMU1 0.732 100 T C straincontrolled U
SMU2 0.752 200 T G straincontrolled U
SMU3 0.735 300 T G strain-controlled U
SMU4 0.722 1000 T G straincontrolled U
SMU5 0.667 2000 T G straincontrolled U
SCul 0.752 200 T G straincontrolled U
SEUL 0.760 200 T E, straincontrolled U
SEWR2 0.766 200 T E, stresscontrolled U
Note: ei, void ratio after consolidation

pQ mean effective stress after consolidation

T, treated specinen

C TriaxialCompression

n, TriaxialExtension

D, Drained triaxial tess

U, Undrained triaxial test

The results of drained tests on treat¢shown as broken linegnd untreatedM31 sand

(shown as solid linesgre shown inFigure 15. At peak strengthuntreated sand is not
sensitive to stress changes within the range of-2000kPa, contrary to treated sand which
shows strong stress level dependency within the same raftge well known thasand
behavior at very low stresses (<100kPa) is also stress level dependent and governed by the
same underline mechanism, namely, dilation. However, in treated ,sigl mechanism
prevails for stresses up to 2000k@inting to adifferent fabric due to the interaction of
the granular phase with the gel and the changes in the gel structure upon sheasame
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ultimate strength is mobilized at largrains by both treated and untreated sands tested at
the same initiaimean effective stress, as shown in the stre®in curveqg-£;) shown in
Figurel5(b). At the ultimate state, severe damage and/or flzation of the gelas repoted

by (Santos et al. 2017)imits resistance against shearing to that of mindcamineral
friction. Similar to direct shear te€esults the peak stress ratio is found to concur with
maximumdilatancy for treated and untreated sands. The peak dilayaatio is plotted
against the mean effective stress for the draingexial tests inFigurel6. For a wide stress
range, the ratio remainkigher for treated sand but decreases wétress level toward the
nearly-constant value observed for the untreated sand
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Figurel5: Drained triaxial tests on treated and untreated M31 sands: (a) stress gApQ
against axial strain curves; (b) stretgin curves; andc) volumetric strain
against axial strain curves; and éffective stress paths
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Figure 16. Peak dilatancy ratio against mean effective stress level for treated and
untreated M31 sand

The results of undrained triaxial tests are showFigurel7in terms of effectivestress
paths in the gpplane [Fig18(a)], stressstrain curvesn the g, plane [Figl18(b)], and
plots of excess poraater pressureNJ (i NpRl B HzA »[Rigli18(d)]. Solid and open
symbols andsolid and broken lines are used for the untreated and treated sand,
respectively.The dotted lines show that the effective strepaths of treated sand at low
stresses turn to the right and climb the failure envelope due to strong dilative tendencies.
Compressive tendencies force the effective stress paths to the left at high stresses before
they climb the failure envelope after phadgransformation. Phase transformatiopeak
stress ratiog/pQmax) and ultimate stateare marked by a different symbol for each test.
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Figurel7: Undrained triaxial tests on treated and untreated M31 sands: (a) effective stress
paths; (b) stresstrain curves; and (c) excess pavater pressure ratio against
axial strain curves

Treated sand showstrong dilative tendencies, whialesulted in cavitdon despite the
high value (700 kPa) of initipbre-water pressure. Hencegests SMU1, SMU2, and SMU3
did not reach their ultimate strength. The differences in the tendefocydilation, reflected
08 GKS S g »phidFighdo),are@nfore prdnonced at low stresseyet, they still
exist at stresseas high as 2,000 kPkaterestingly, even at lower stresses where treated
sand shows strong dilation tendencjescess pore water pressures are similar to €and
The stress ratio at phase transformation is the same for treated and untreated sand at
comparabledensities although this is not the case for peak strength conditions due to
dilation. In Figurel8, sand attains a nearly constant peak stress ratioC¥fpax) against
effective stress irrespective of drainage conditions. For treated ghegeak stress ratio is
stress level dependent for stresses lower than 2000kPa.edery the peak stress ratio
values and their variatioare significantly higher in drained tests, showihg contribution
of dilation to shearing resistance versus constant volume remalding

Figurel19 (a) shows the critical states of untreated and treated M&nd in the state
diagram epQdetermined from bothdrained and undrained triaxial tests. The position of
the criticalstate line br the treated sand reflects the extreme dilation associaugth the
structure of the treated sanavhich is rearranged to a loosstate with shearing up to the
ultimate state At high stresses, dilation is suppressadd the two lines converge in the
state diagram Despite the difference ithe critical void ratio a common ultimatestress
rato M=M®H =0 Hmc 0 A& | GGl AYSR osandinRBuedS®. YR
Reference to a common ultimatstate stress ratio is the essence of the elastoplastic
behaviorof soils described by Wroth and Bassett (19@%icating thatstabilization does
not enhance ultimate shear resistance above tloditmineratto-mineral friction and
constantvolume remolding Rowe 1962).
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Figurel8: Drained and undrained triaxial tests on treated and untreated M31 sands: peak
stress ratio points against mean effective stress
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Figurel9: Critical state points for treated and untreated M31 sands: (a) void ratio against
mean effective stress; and (b) deviatoric stress against mean effective stress.
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To study the strength anisotropy of treated sairtially the responesof treated sand is
compared to that of sand under triaxial undrained extensionFigure 20. Tests are
performed at an initiamean effective stress of 200kPa. Compression tests are also included
for completion and are in agreement with the compression tests showkigarel7, i.e.,
the tendency for dilation in treated sand yields a Rbnttle effective stress path shown in
the solid ral line (Figure @ (a)) compared to the slightly brittle response of the sand, shown
in solid blacHKine. In typical anisotropic sand response, the transient peak in compression is
more than double its value in extension for the sand specimens. Moreover, significant
brittleness (reduction in deviatoric stress, g, with straiis)observed in extension arrested
at phase transformation.This is associated witlhhigher excess pore water pressure
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accumulation compared to compression loadiag, shown in Figure0gb). Under both
loading conditionsthe effective stress paths climb the failure line doelilative tendencies
after phase transformation. In Figur@(@), treated sand, shown igolid red lines, maintains
its tendency for dilation under extension loading and effectivelniglates the brittleness
observed in sand. However, in echoes of sand behatvierexcess pore pressure is higher
and the tendency for dilation significantly decreases under extension loading in F@faye 2
Additionally, strength anisotropy at phase tisformation and failure at comparable levels
to sand is observed for treated sand in Figuééd?, wherethe peak stress ratio is plotted
against axial strain. It is also worth noting that significantly higher axial strains are observed
in extension thann compression at the same ppeak stress ratio, reflecting the sa®d
weak structure along thdeposition planeThis is also the case fibre treated sand.
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Figure20: Undrainedtriaxial compression and extension tests on treated (in red color) and
untreated (in bhckcolor) M31 sands: (a) effective stress paths; (b) stetssn
curves; (c)excess pore water pressuggainst axial strain curves; (d) stress
ratio, g/pQagainst &ial strain curves
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Strain nonuniformities in extension have resulted in specimen necking observed by the
naked eye in a range of strains between 7% to 9% for sand and at around 9% for treated
sand. Photos of treated specimeafier compression and exteius tests are provided in
Figure21. The weak nature of sands under triaxial extension has been repeatably observed
in triaxial tests indicating that the fabric of deposited sand is anisotrfpéed & Chern,

1983; Miura & Toki, 1984; Vaid et al., 1990; Hight & Georgiannou, 1995; De Gennaro et al.,
2004; Georgiannou, 2006; Georgiannou & Konstadinou, 2014)

Figure21: Photos of treated specimens: a) after compression and b) after extension test

Similar conclusions can be drawn from the comparison of the behavior of treated (in red
color) and untreated (in blue color) sand under ded loading conditions iRigure22i.e.
higher peak strength for the treated sand in F286a) and (b) and same ultimate strength
as sand; treated sand is substafitidess contractant and more dilatant than the sand
before and after phase transformation respectivelyFigure 22(c) and reaches this phase
at smaller axial strains compared to the saRdyure 2(d) shows the stress ratio versus
axial strain curves, whera similar increase of about 15% at peak strength ratios is
observed in both triaxial compression and extension drained tests for treztatpared
to untreated sandHigher stress ratios are observed for treated sand in drained compared
to undrained testdn compression and extension (F&2(d) cf. Fig20(d)). As discussed
earlier regarding the compression tesbn treated sand shown iRigure 18, dilation
contributes more to shearing resistance than dilative tendencies. This is also reflected by
the volumetric changes in Fig2(c) beingapproximately half the values observedtire
sand in both compression and extensjaibeit the smaller differences observed with
respect to excess pore water pressures in undrained tests iR2Hig).

In conclusion, dilation in treated sand is evident in both compression and extension
tests.Extension tests aralsothe key to interpreingtreated sand behavior characterized
by similar or higher strength anisotropy than sand in drained and undrained tests, thus
indicating the dominance of the anisotropic fabric of the sand within the ggeidinary
system.
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Figure22: Drained triaxial compression and extension tests on treated (in red color) and
untreated (in blue color) M31 sands: (a) effective stress paths; (b) sttesn
curves; (ciolumetric strain against axial strain curves; (d) stress ratioQq/p
against axial strain curves

The stiffness characteristics of treated (red lines) and untreated sand (blue lines) in
triaxial compression (C) and extension (E) are examinédyure23 under drained (solid
lines) and undrained (dotted lines) loading conditionsdiained triaxial compression, the
sand shows substantially higher stiffness ttthe corresponding stiffness in extension,
e.g.,athree-fold increase at 0.1% axial strain. Compared to sand in compressated
sand shows lower stiffness by about 30% at 0.1% axial strain, with the difference further
increasing at lower strain levelgiterestingly, despite its higher strength due to dilative
tendenciestreated sand is less stiff than untreated sand in the initial stage of compression
before phase transformation. It can be speculated that the soft nature of the gel reduces
the stiffnessof the sandgrain skeleton before dilative tendencies take over and increase
the strength of treated sand. In comparing treated and untreated s#mel effect of the
gel in extension is beneficjale., lower volume reduction than sandnd, contrary to

XX



Pavlopoulou Eleraria

compression, this is also reflected in stiffneEder undrained loadingstiffness is also
lower in extension for treated and untreated sand. In comparing drained and undrained
loading undrained stiffness is lowewith the difference being higher in cgmession than

in extension loading.

SED! M31, p';i=200kPa
1500 -~ €;=0.738-0.760
| . C: Compression
SEU E: Extension
- ED\ D: Drained
1250 U: Undrained
L S: Stabilized
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:é‘_ N
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Axial strain, | g, | (%)

Figure23: Stiffness characteristics of treated (in red color) and untreated M31 sands in
triaxial compression (C) and extension (E) tests under drainedariD)
Undrained (U)oading conditios

3.4Cyclic Tests

In order to investigate the effectiveness of CS treatment for the mitigation of
liquefactionrisk, cyclic triaxial tests were performed in treated and untreated loose M31
sand under undrained conditions. Specimens prepared loose state (g=0.7100.748)
were isotropically consolidated tpGx200 kPaand subjected to a cyclic stress ratb
CSR=q/(2/@= 0.12020, and a cycle period T2-5and/or 5 min Test details are provided
in Table5.

Figure 24 illustrates the results of a typical cyclic triaxial test onnaisotopically
consolidated (IC) loose M31 sand under CSR=0.16. Instability lindsade) 1993and
failure lines (FL) that were defined under triaxial compression and extension loading for
loose IC M31 sand are also presentikéhould be noted thathe results from undrained
tests on loose IC M31 sand at fixed stress directions indicate that the sltpeiottability
line is affected by the direction of principal stress, arfig(@riantafyllos et al., 2020The
cyclic stress path follows the monotonic stress path (points 1 to 2) and then moves to the
left due to excess pore wat@ressure accumulation during the first cycle (points 1 to 3).
After the first cycle, excess pore water pressure accumulates at a nearly constant rate
(points 3 to 4). The unstable sand response initiates in the vicinity of the instabilifpiine
triaxia extension (point 4). The evolution of excess pore water pressure and the axial strain

XXIV



Extended Summary and Conclusions

against the number of cycles are presentedrigure24(b) and Figure24(c), respectively.

A sudden increase in excess pore water pressure accumulation and axial strain is observed
when the cyclic stress patteaches the relevant boundary (point 4). After point 4, the
cyclic stress path follows the monotonic extension stress path where contraction tendency
is observed (points 4 to 5) and then mowengthe extension failure line, while dilative
tendency is degloped (points 5 to 6). Finally, the specimen liquefies under high extension
axial strain (point 7)Konstadinou & Georgiannou, (20Jggrformed undrained torsional
shear cyclic tests on various sands and concluded that the cyclic response of sands
exhibiting brittle behavior under monotonic loading would be bounded by the instability
line, while the cyclic response of sands exhibiting stable behavior under monotonic
loading, by the phase transformation line.

Table5: Cyclic Tests

Test Void ratio, Mean effective stress, CSR Period Treatment

€ pR(kPY (min)
C1 0.722 200 0.20 5
G2 0.717 200 0.19 5
G3 0.715 200 0.16 5
G4 0.720 200 0.13 5
G5 0.724 200 0.12 2.5
G6 0.710 200 0.11 2.5 -
SG1 0.720 200 0.20 5 T
SG2 0.728 200 0.18 5 T
SG3 0.717 200 0.16 5 T
Sc4 0.734 200 0.14 5 T
5 0.748 200 0.12 5 T

Note: e, void ratio after consolidation
pQ mean effective stress after consolidation
CSRCyclic stress rati(m/(2* pQ
T, Treated specimen

Figure25 shows typical cyclic triaxial tests on specimens of treated untreated M31
sand in a loose state;=9.717 and 0.715, consolidated to g 200 kPa and subjected to a
cyclic stressatio C® I' |j k §=0.¥6,La6 a cycle period 5 min.Initially, the first cycle
inducesa significart rise in excess pore water pressdog both specimensand the stress
paths move quickly to the lefE{gure25 (a)).A nearly constant rate of excess pore water
pressure accumulation with cyclesdisveloped in subsequent cycldsadure25 (d)), while
minimd axialstrains(Figure25(b)) are observedn the first 4 cyclesor both treated and
untreated sandDuringthese cyclesthe measured poravater pressure changesre in
phasefor treated and untreated dense sandsid thus demonstrated not only that pore
pressure undergoes changes within the, fpeit these changes also correspond fully to the
loading variations, asg sand.After a critical point (point 4Figure24), the excess pore
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pressureof sand increases rapidly, the excess pore water presgfio, wdz I f dzk LIQ
approaches Iwhile axial strain increases simultaneoudfyg(re 25 (c)). The specimen

liquefies and collapses under high extension strain during that same. dheleesponse

of the treated sandafter that pointRA FFSNE FNRBY GKS dzfiicdB | 4GSR
althoughthe treated sand specimeaccumulates straigteadilyit does not collapse even

after Ru=1is reachedandit sustainsconsideral@ axial strain variation in theubsequenh

20 cyclesDuring cyclid 2 F RAy3> a0N} Ay o0dzAf Ra dzeldfohy GKS
treated sandlike untreated sand. This is expected from the observed very weak response

of treated sand under monotonic extension loading., slight brittleness in extension
againstthe continuous increase in deviatoric stress, ¢, in compression
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Stiffness measurements for treatgded lines)and untreated(blue lines) sandluring
cyclic loading are compared kigure26. The secant stiffness has been calculdteceach
cycle, Eqeyd ¥oye Where Gycis the doubleampt A G dzRS 0Oe Ot A O RBsdhe | (2 NA O
double amplitudecyclicaxialstrain. In the initial cycles, treated samdatches the stiffness
of the untreated sandsvith the exception of cyclic loading under q=79kPa, whsard
shows substantially highestiffness tha treated sand. However, in the following cycles
sand stiffness decreases rapidly to zero, while in treated stifidessdecreases gradually
to a small value~<1000kPa).

Figure27 presens the cyclic resistancéor loose treated (red symbols) and untreated
600fdzS aevyoz2fao aom alkyR Ay 0)PwEU thermmbere Of A O
of cycles required for liquefactiorkzigure 27(a) presents the cycles needed for initial
liquefaction NL (ndzl' LIQ A O > Figaré23(yJBresants the cycles required to develop
double amplitude (DA) clic straintcy=5%. These results indicate that treatment with a
colloidal silica concentration of 10% increases the liquefaction resistance of loose sand
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since under the same CSR more cycles are required to meet both liquefaction cfiberia.
improvemern factor k=CSRated CSRntreated COrrelated with the number of cycles (N)
reduces while N increases since the curves tend to converge. The improvement factor for
initial liquefaction is approximately 17%hile for reaching cyclic strairtfz,=5% is 36%
Consequently, this stabilization method delays initial liquefaction to an extent but mainly
hinders the development of large strains and specimen collapse.
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Figure26: Stiffness characteristics of treated and untreated Mihds from cyclic triaxial
tests
a) b)
0.35 0.35
®  M31, p'=200kPa, ¢=0.710-0.724 | @ MB31,p'=200kPa, ¢=0.710-0.724
030 | — CSR=0200:N""" R’=0.95 030 = CSR=0.200+N""" R'=0.95
| W Treated M31, p' =200kPa, ¢=0.717-0.748 . W Treated M31, p' =200kPa, ¢=0.717-0.748
0.25 |- - = = = CSR=0.237+N"" R'=0.97 0.25 |- - - - - CSR=0.284+N"" R'=0.82
0.20 0.20
- &
wn wn
o o
0.15 0.15
0.10 0.10
0.05 0.05
0‘00 1 1 IIIIIII 1 1 IIIIIII 1 L1 11111 0'00 1 1 IIIIIII 1 1 IIIIIII 1 11 11111
1 10 100 1000 1 10 100 1000
Cycles, N, (p'=0) Cycles, Ny, (£, =5%)

Figure27: Cyclic resistance curgdor treated and untreated loose M34and: a)Number
of cycles to reaclmitial liquefaction Ni) and b)Number of cycles to develop
cyclic strairt cy=5%(Ns)

XXVIII



Extended Summary and Conclusions

3.5 Hollow cylinder testsat various fixedloadingdirections

The effect of fabric anisotropy on theesponseof sards underundrained loading at
various fixed principal stress directions (in the rahg€f to "=9@) has been studied in
the literature (M. Yoshimine et al., 1998; Nakata et al., 1998; Shibuya et al., 2003a;
Georgiannou et al., 2018; P. K. Triantafyllos et aR120n general, as the direction of the
major principal stresdepartsfrom the vertical directionsands exhibit brittlenesandthe
strain response becomes softedowever no experiments in the literature focusn
tNB I 4§ SR al y Péhaviot, gvén dhauilheRdintiadd fabric anisotropy contribute
toall oAt AT SR alyRQa A0NBYy3lGK YR RST2NXIGAZ2Y
In fact under undrainedtriaxial cyclic loadingf treated sandit was notedthat axial
strains build upn the extension sidgPorcino et al., 2011; Pavlopoulou & Georgiannou,
2021) Moreover, the triaxiaéxtensiontests of this thesis indicatédhat sand treated with
nano-silica gelmaintains the characteristics of untreated sand behavi@., response
much weaker in terms of peak strength and more contractivegeak in extension than
incompressiofpNB Ff SOGAYy 3 (GKS K2 &l A yTdexaming Righarttel y A & 2 G N
anitropic behaviorof treated sangda comprehensive and systematic database on the
response of M31 sand under generalized loading was first proddests were conducted
underfixed principal stress directions in the hollow cylinder apparabrained condions
were selected in order t@stablish the stresstrain relationships under fully controlled
effective stress pathawvhere volumetric strain is related to the potential for pore water
pressure generation (Symes et al., 1988, Wijewickreme and Vaid, 1993). Special attention
in the investigation is focused on the significant role of the intermediate principal stress
parameter b, on the stressstrain and volume change behavior, deformation
characteristics and nenoaxiality othe sand undegeneralized stress conditions.

Thedrained monotonic shear tests were performed on loose and dense M31 sand under
fixed major principal stres directiong). The values of mean effective strekd and the
intermediate principal stresparameter,b, were kept constantFigure 28 presents the
stress pathgollowed in gLJQ & { NFFigdre2&(d)Jand B XYostress spac&igure28
(b)). The samples were isotopically consolidated from the mean effective stress of
LIEBOkPa (point A) ta.JE200 kPa (point B) by increasisignultaneousiythe outer and
inner cell pressuresvhile keeping the back pressure constaftfter a resting period of
hours monotonic shear was applieat varying initial major principal stress directiohs,
until failure under drained conditiongpoint C) Thetest characteristics are included in
Table6.
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Table6: Details of Hollow Cylinder tests under fixednd b parameters

[ ' e pRkPg "(© b 1 N -
FAL 0718 200 0 -
FA2 0711 200 30 -
FA3 0708 200 45 .
FA4 0719 200 60 -
FA5 0709 200 90 .
FA6 0553 200 0 :
FA7 0559 200 30 .
FA8 0565 200 45 -
FA9 0560 200 60 .
FAL0 0565 200 90 -
FAIL 0715 200 0 -
FA12 0720 200 30 .
FA13 0718 200 45 .

FA14 0.716 200 60
FA15 0.721 200 90
FAL16 0.565 200 0
FAL17 0.557 200 30
FA18 0.563 200 45
FA19 0.557 200 60
FA20 0.559 200 90

FA21 0.700 200 0 -
FA22 0.701 200 30 -
FA23 0.701 200 45 -

FA24 0.708 200 60
FA25 0.709 200 90
FA26 0.568 200 0

FA27 0.570 200 30
FA28 0.570 200 45

OO0 o0o0O0oooooo
PR RPrRrRrPRR S oo oM@ 000000 oo
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FA29 0.572 200 60 1
FA30 0.569 200 90 1

SFAL 0.713 200 0 0.5 T

SFA2 0.716 200 45 0.5 T

SFA3 0.720 200 60 0.5 T

SFA 0.721 200 90 0.5 T

SFAS 0.710 200 0 0 T

SFA6 0.720 200 90 1 T
Note: ei, void ratio after consolidation

p& mean effective stress after consolidation
h | principal stress direction

b, intermediate stress parameter

T, treated specimen

To investigate the effects of material density on the anisotropahavior of sand
monotonic loading tes were conductedunder various fixedmajor principal stress
inclinatiors (" =0, 30, 45, 60and 9@), measured in the vertical loadirtirectionon loose
and dense M31 sand heresponse ofsotopicallyconsolidated sand tarainedloading
with fixed stress principal aseunderconstantY Sy STFSOGA GBS aGNBaa
constant b=0 is presented Rigure29 in terms ofstress ratigdeviatoric strain (Figure
29(a)) and volumetricdeviabric strain (Figure29(b)) for dense (left) and loose (right)
specimers.

The effect of the material density is significantrass matter what themajor principal
stress directions, loose sandexhibitsa softer response inerms of stressstrain, lower
shear strength, andarger contractive volumetric strain than dense sarldense sand
under these loading conditiorshows no contractiobut dilates directlyMoreover,higher
deviatoric strairis requiredfor the loosesand to reach the peak in the stresain curves.
As the density decreasgethe interlocking between the particlaseakens resulting in a
softer responselower shear resistanceandincreased compressibility.

Regardless of density31 sand shows clear anisotropic characteristitbe $iear
AONBY3IGK 2F (KS &l yRa NIRedighesi peakstiess raioyv@sNS | & A
obtained when the major prinpal stress direction was parallel to the deposition direction
Oh JHrymRe UGKS f2¢Sail @90cdifthe ddmadensity thepgaf Sress | G h T
ratio is achieved at higher dev@ic strains a$ increases. For dense sand undex n, p
dilatancy educes compared to loadingundef 1 I YR onc ®, aCiichhséin 2 aS &l
angle,", impactsits volumetric responsend compressibility increases significantlyhe
resultsindicatethat the initial fabric anisotropyaffectsthe subsequenbehaviorof loose
and densesand

The influence of the relative magnitude of the intermediate principal stress,
characterized by the different-lsalues, on sand response, is investigated by conducting
monotonic shear tests on M31 samar three b values (b = 0, 0.5 and 1.0) under various
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fixed loading directionskigure30 presents the results for dense M31 sand in terms of
stress rédo-deviatoric strain and volumetrideviatoric strain.

The influence of intermediate principal stress paramdieis apparentn stressstrain
behavior. For everyoading direction the stiffest responseand the highest pealare
observedwhen b=0{  YRQ&a NXalLl2yaS o06S5S02ySa az2fFdidSN I a
strength is moresignificantwhen b is increased to b=0.5 and less pronounced when it is
further increased to HL. The volumetric response also showssianilar mattern; as b
increasesthe volumetric compressibility ofandincreasesand dilatancy decreases.
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Figure29: Results of monotonic drained loadimgth fixed" and b=0 on dense (left side)

and loose (right side) M31 sand: (a) stress rdwiatoric strain and (b)
volumetric¢ deviatoric strain curves
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Figure30: Response of isotopically consolidateense M31sand todrainedloading with fixedprincipalstress axes. Effect of intermediate
principal stress parameter
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The installation of a new burette equipped withhggh accuracylifferential pressure
transducer connected to the inner chamber alled the measurement of the inner and
outer radius changes. Thessasurementsllowed for the first time the computation of
all the strain componentsFigure 31 LINBa Sy ia GKS RS@S{)2LIYSyi
circumferential € ), radial é,) strain and shear!( ;) strain against deviatoric stresg) for
monotonic tests on dense M31 sand under various fixed loading directions for the three
b-values (b=0, 0.5 and 1For the three normal strain componentpositive values
represent contractionpwhile negative expansion.

The change in loading directi@ngnificantly affectgxial deformation since axial strain
changesfrom contractive forh <45 to expansive forh>45 Underh=45; where the
change in vertical stress is minimum axial straipréctically zero. The opposite trend is
obseved for circumferential strain. Comparing the results from differentdiues the
increase in b results in more expansive axial and circumferential strains for every loading
direction. The $ear strain seemkess prone to changeith b-values and is affected only
by the magnitude of the applied shear stress.

The mdial strain seems sensitive to chasge loading directions. Howeveit is
significanty affected by the relative magnitude of the intermediate efs parameters.
Radial strain changes from expansion to contraction as b increases from 0 to 0.5, and the
contractive radial straimcreases even more when b rises to 1. It can be derivedolaate
strain conditions ¢,=0) could be achieved at b betwedhand 0.5n agreement with the
valued ¥ n-®8recommended by. M. Yoshimine et al., 1998/oreover, the independent
measurement of all strains proves thatK S | & & dz¥; EXi fofeyl ad@pled in the
literature (Triantafyllos et al., 202@3 not accurate.

The variation ofthe stress ratioat phase transformationg |j k.. J&ith the major
principal stress directiar?, for loose and dense M31 saiglshown inFigure32. Phase
transformation points from triaxial compressionhE0c and b=0) and triaxial extension
(a=9@and b=1) under drained conditiofiar loose M31 sand are also included and marked
with red symbolsTriaxialtests seem to agree with the corresponding HC tests. For loose
al'yR dzyRSNJ G6KS alyYyS o6 @lIftdzSz GKS OKIy3aS Ay
the stress ratio at phase traftgmation. Georgiannou et al., 2018nducted undrained
shear tests under different loading directions and reached the same conclusion. However,
GKS AYOGSNXYSRAFGS aidNBaa LI NJ, Ywbich 8addeadsdsay | & G N
approximately 16% when b increases from0to1.Dehs¢&® dzy RSNJ 6T'n R2 S &y
under any loading direction. Under b=0.5 and 1, the increa$eaind b results in a slight
RSONXS I a §:. Atyiny toddind ddection the increase in density significantly reduces
the stress ratio aP.T., acceleratig the onset of dilative behavior.
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Figure 31: Drained monotonic shearing on dense M31
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Figure32: Sress ratio aphasetransformationat different major principal stress directions
and bvalues for loose andense M31 sand

The variation of measuregbeak stress ratiq lj K dadQwith major principal stress
direction, h, for loose and dense M31 sargishown irFigure33. Peak points from triaxial
compression (=0c and b=0) and triaxial extension (ax9@nd b=1) under drained
conditions for loose M31 sand are also included and marked with red symlisadgire
33(a)). The results from triaxial tests match the corresponding HC tests and define the
upper and lower strength limitor loose sandlt is apparent that the loading direction
substantially impacts the shearing resistanceéhaf sand.

wS3lF NRf Saa 27,tieki§hesh dtrghGRiDisi actire@ey HAcand b=0and
the lowest wher"=90cand b=1. Generally, as the joaprincipal stress direction deviates
from the vertical axiand the relative magnitude of the intermediate stress increates
peak strengthreduces When b=0both sanddensitiesexhibit a contimous decrease in
peak strength ab increases. Under b=0.5 and 1 peak strength at a=60 aclle®@ similar
values.However, thedense sand under b=0.8howssmalle peak strengthat h=60c
compared to"=9Qc This is accompanied liye early development otrain uniformities.
Test esultsfor dense sand at =60c (Figure30) repeatedlyshow thatunder b=0.5shear
bandnginterrupted the evolution of strength and dilatidny R RARY QG | f f 2 4
to reach its pealstrengthvalue. Finally, for both sangd&hen b increases from 0 to 0.5
strength reduces significanthjhowever, a further increase to b=1 results ia mina
reduction of peak strength.

Comparing the two densitieat eachb-value it is observed that the changes in strength
with the angleh havea similar trend, althoughin dense sandthe changes are more
pronounced. When b=0 arid=Cc the peak strength of dense sand is 22% higher than loose
sand while this percentage decreasesfasnd b increaseAs the loading approaches the
extension modethe differences in peak strength between loose and dense sand diminish.
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Figure33: Peak stress ratio at different major principal stress directions amdlbes for
(a) loose and (b) dense M31 sand

This thesisalso examines the noncoaxial behavior of M31 sand, i.e., the difference
between the principal stress and principal strain incegrindirection, under various stress
paths. The influence ofa I y defsidlyand b-valueis examined. Indicativeesults ofthe
fixedh testscarried out on dens®131 sandat b=0are plottedin the XY stress space in
Figure34. The stress paths are plotted as solid lines from the stress space origin to the
failure envelope, plotted as a dashed line. The unit strain increments are displayed in the
form of vectors. Te strain increment vector in thspace makes an angiethe horizontal
axisthat is twice the angle of the strain increment axis relative to the vertical direction
(2" ¢). Sandbehaves almost coaxlglat h ' nc sihog Bhestiainwectors are
pradically parallel tahe stress pathsHowever, for theest of thetests, noncoaxiality was
observedwith the principal strain increment angtieviatingfrom principal stress direction
angle Strain vectors seem to beormalto the failure line, pointingd the weakest, in
terms of strength, part of the plane. Vectors tend to align with stress paths as shearing
continues and failure is approached.

The effect ofthe intermediate stress parameter on the noncodxmehaviorof dense
sand is illustrated iffigure35, wherethed G NS &4 & NI (A 23 lthepdexhal A & LI 2
stress direction? (lines) and strain increment directiag ¢« (symbols) Irrespective othe
b-value ath=0cand 9&thesarR Q& NI & LI2 vy & S, wkhi&he méxivhanadéviatod | E A | f
betweenh 4 andh being 4. For the other testgh =30,45,and 6@), the deviation is high
approaching g =15c I G G KS Ay A (A | the stéesslraidSincreaBes and S I N v :
higher strainaccumulatesthe deviationconstantly reducesand eventuallythe & I Yy R Q &
behavior becomes coaxial. Comparing the results from differerglbes non-coaxiality is
more significant at b=0~or each loading directionhen b=Qthe deviation between strain
and stress anglé\-", is higher andliminishes at a higher stress rattmmpared with
testsat b=0.5 and b=1.
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Figure34: Directions of principal strain incremerft®m fixedh testsfor dense M31sand
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To study the strength anisotropy of treated sanddaits compatibility with sandike
behavior monotonicshear testsvere conducted under various fixed major principal stress
inclinationson treated M31 sand. Treated loose specimens were isotropically consolidated
i 2 =20mkPa and subjected to drained loadaigfixed h ("=0, 45, 60, and 9 and
constantb in the hollow cylinder apparatu3he response dfreated sand(red lines)to
drained loading with fixegbrincipalstress axes under constant mean effective stress and
b=05 is presentedin Figure 36 in terms of stress raticagainstdeviatoric stran and
volumetricagainstdeviatoric strain. For comparispresults from loose sand (blue dotted
lines) and dense sand (blgelidlines) specimens tested under the same conditions are
included.

Treated sand shows evident anisotropic characterisfi¢ge hghest peak stress ratio
was obtained when the major principal stress direction was parallel to the deposition
RANBOGAZ2Y 6h I' ncovI I yR 6lcKSrenht diopssignifigantly dzS & | 2
from h=0 to 4% Generallf & KSIF NJ AaGNBy3IdK NBRdIzOS&E sAGK
dilatancy reduced-or eachloading direction, treatment with colloidal silica increases the
alyRQa &aAGNBy3aGK airAyoS f22a$S GNBFGSR alyR NJ
Moreover, dilationis enhanced since volumetragainstdeviatoric strain curves from
treated sand lie between thos®ff loose and dense M31 sand.reatment with colloidal
silica seems to enhance sabdhaviormore at h=0c rather than " n gue to extreme

dilation and suppessed contraction.

It should be noted that lthough dilationincreases the peak stress ratio in treated sand
at lower stress ratios of about 0.3 treated sand suddenly accumulates deviatoric strains of
about 1.5% andbecomes much softer than untreated saatl"x n plrc this strain range
volumetric straingemain practicallyero indicating that yielding takes place undenstant
volumeconditions. This transient stateflowed by dilativevolumetric changes assiated
with increasing stress ratio§he mentioned bllow cylinder tests were conducted under
stresscontrolled conditions.However, whertreated sand wasi S & G S R cih tiiaxial I' dn
extension testsconducted understrain-controlled conditions no transient state was
observed(Figure22). Given that in straircontrolled tests the loading rate is kept low to
allow drainage intreated sand, ¢an be deduced that the fast shearirgte under stress
control in the hollow cylindehinders drainageonce unstable response is initiated at a
stress ratio of around 0.3

To further investigate the effect of loading conditions on treated sand behastig@ss
controlled and straircontrolled triaxial extension tests were performed on loose treated
sand under drained conditions. The results of both triaxial extension testsaahollow
cylinder (HC) test conducted at90cand b=1 on loose (€0.7200.742) treated M31 sand
are presentedn Figure37in terms of stress ratiagainstde@ A I (i 2 NRX O-s.pRighNte A Y 6 |j
37(a))and volumetricagainstdeviatoricstrain évol-#q) (Figure37(b)).
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directions and at b=0.5

XL



Extended Summary and Conclusions

Under strain control (0.025mm/min) stress ratio continuously increggg@showrby the
dotted line. Under stress contrgB kPa/min) a yielding phase is observed at a stress ratio
of about 0.4 and strains up to 2%. Subseatflie the stress ratio of the stressontrolled
triaxial tests practically coincides with that of the straiontrolled test. The peak stress ratio
ofthe HC test im litte KA I KSNJ G KI'y GKS GNARIFEAIE (S&aid RdzS
This unstabldehavioroccursin the contractant loading stagesdefined by the volume
againstthe deviataric strain curve of the straiontrolled test(Figure37(b)). During he
yielding phaseyolumetric strains are nearly zefor the triaxial andthe HC tess. Overall
volumetric changes are similar in strain astdesscontrolledtests at phase transformation
and subsequently during dilation.

a) b)
1.6 | @=90°, b=1 1.2 L a=90°, b=1
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Figure37: Drained extension tests on treated M31 sand under stress and strain control
(a) stress ratialeviatoric strain and (b) volumetri¢deviataric strain curves

Sinceyielding occursinder practically undrained conditions, undrained triaxial extension
tests are performed on treated sand under stress control. The results are compared to those
obtained from the strain-controlled extension test (dotted line) ifrigure 38. Under
undrained stresontrolled loading pore pressure equalization is faster than volume
change however, eva the undrained extension testeldst i | 6 2 d&imalkedla}@l n @
black circle in the diagrams. At that pairn wunstable behavior initiates. Under almost
constant deviatoric stresshear stain accumulates rapidiythus, the testing systeroould
not correctly record the stresstrainresponse. After that phasetress increasesnd the
curves tend to match those of the strainontrolled tests.A tendency for dilation at the
same rate as the straioontrolled testand a common peak stress ratio is observed

The treated sand's transient peak (black cirgheactically coincides witlthe instability
point (Lade, 2003)When the loading takes place under stress contha drainage is either
prohibited (undrained conditions) or nofeasible during wlding at partially drained
conditions. Treated sand shows an unstableadaor, like loose sand dogander undrained
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conditions. Loose M31 sand develops an unstable behavior at loading dir€ttigm gma
b=0.5 with the stress ratio athe instability point reducing a& increasegqTriantafyllos et

al., 2020) This implies that in very loose deposits of treated sand with an inherent tendency
for initial contraction excessive strains may accumulate under monotainanedloading

at relatively low stress ratiosecause undestresscontrol the behaviour of treated sand
becomes partially drainedThe limiting stress ratio is the instability stress ratio under
undrained loading. This is a weak point for treated sathich contrary to sand drainage

is hindered undestresscontrol. However,higher stress ratios can be attained as dilative
tendencies take over
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Figure38: Undrained extension tests on treated M31 sand under stress and strain control
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3.6 Drained Principal Stress Rotation tests on M8and

Drainedrotational shear tests at different effective stress ratios have been carried out
on M31 sandto examinethe sand's stresstrain response, volumetric behavior, and non
coaxialityunder continuous principal stress rotatiohe effectof 4 Y RQ& RSy airde |
relative magnitude of the intermediate stress are also examifi@@imposedstress paths
are presentedn Figure39in|j Qahd Y-Xstress spaceAll specimens after saturation were
isotropically consolidated toneanS ¥ ¥ S O (i A g=800kPa (B} Mext,LSeecimens
were subjected to drained monotonic sHéad dzy’ R S NJ €2ROKRait fixgdil =0dale
b=0 or 0.5 until they readd a specific stress ratio f8C). After that, thestressratio and
b-value are kept constant whilghe principal stress axeare rotated counterclockwise
fromh=0to 180qCA D). Each full -rotation is counted as one cycle (WYhe magnitude of
each principal stress is kept constant during each cycle. To ensyréraitied conditiors,
the major principal stress direction changed atrate of £ o ¢ K Yéstydetails are
summarked in Table7.

300 A —>B Isotropic consolidation z:i?uﬂ]
" B —— (' Drained shear, fixed 0=0°, b=0 or 0.5 a=45° #707'
250 ~C —>D Continuous principal stress rotation — D
- — ”
’
200 |- eC,D Y
i r E D - q
= 2
n.; 150 . ‘;\ 1 { | |A9 B ,'\20; | ._'C
< el a0 a=0°
L Il | / |
- Z_gp° - zllﬁl
100 (4] D
=l ..
L D -
- e —
S0 z | a=135°
| 135°
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0 1 | " ] 1 > B 1 | f G
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Figure39: Stress paths in4JQ  |-Yy/sRess space for rotational shear test

Table7: Details ofDrained Principal Stress Rotatitasts

Monotonic shear Continuous principal stress rotatior
h T'en U= 0AAL 80 A
Test e pQAkPg b er j kK LIC b
R5 0.690 200 0.5 0.690 0.69 0.5
R8 0.689 200 0.5 0.689 0.87 0.5
R7 0.681 200 0.5 0.681 1.04 0.5
R6 0.562 200 0.5 0.562 0.98 0.5
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R1 0.565 200 0.5 0.565 1.02 0.5

R4 0.560 200 0.5 0.560 1.10 0.5

R9 0.564 200 0 0.564 0.84 0

R10 0.560 200 0 0.560 0.98 0
Note: &i, void ratio after consolidation

pQ mean effective stress after consolidation
h, principal stress direction

b, intermediate stress parameter

er, void ratio after monotonicshear

g/ pQstress ratio under principal stress rotation

Figure40 presents theevolution of the imposed stress componerfts, "¢, "+, and_:;)
with the number of cyclegN) and the development of the corresponding strain
componentg,, -, 8, and’ - ;) for medium dens€ei=0.6810.690)r 31sand under drained
stress rotation In these figures, a positivealue along the vertical axis indicates
contraction, and a negative indcatesdilation. Three different stress ratios are examined
while themean effective stresd JQ ' H n andthetintefediate stress parametgb=05,
are maintainedconstant The stress components, -, ", and _:; fluctuate sinusoidally

with constant amplitudgoroportionate to the stress ratio. The radial stress is constant and

is equal to the intermediatgrincipal stress (= »2). It is observed that plastic strains
accumulate despite the magnitudes of principal stressaadpkept constant.

Ly &GNB&& NBGFGAZY (G dasistiainsdyer Sdtel ik thithifsn ® ¢ ¢

cycle while the amplitude of the strain componentendsto stabilize in the following
cycles until the sand reactea new stable stateWhen the stress ratio increases, the
magnitude of the strains is higher, artketoscillationis more pronounced. The axial strain
accumulateson the extension sidewhile the radial and the circumferentiabn the
compression sideBecause othe a I y #®efidal deposition and initial loading in the
vertical direction {I' n,che anisotropic faéric haslower compressibility and higher
dilatancy along the -axiscompared tothe r and * axes. Moreover, when rotatiofis
initiated, the vertical stresseduces andthe circumferential stress increasagsultingin
contractive and expansive vertical and circumferentiahisirrespectively. The stresses
and the strains oscillate in the following cycles, but the straicsumulatedin the first

cycle dominate. fle radial stress is contractive in agreement with the results of monotonic

shear under b=0.5Hgure31). When principal stress rotation takes place under bigh
strest NJ (A 2 | larjessttdd avedndute@nd the specimen fails &t=125%during
the 29 cycle.

The evolution of the volumetric strair¥y, with the number of cycls is presented in
Figure41. Although the magnitudes of principal stresses were maintained conslianng
each test, contractive volumetric strain was accumulated due to the rotatigrin€ipal
stress directionsUnder stress ratis ¢/pQ '68 and 0.87 most of the volumetric strain
occurs during theiffst cycle. The higher the stress ratibe more contractive sand is. The
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test R7 during monotonic shearing was on the onset of dilation when rotation began
dzy’ R S NJ1.04 kA2 Flight dilationthe specimen accumulates contractive volumetric
strain until it fails during the second cycle.
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Figure40: Evolution of stress and strain components under drained rotational shear on
mediumdense sand under b=0.&ffect of stress ratio

Figure41: Evolution of volumetric strainvith cyclesunder drained rotation shear on
mediumdense sand under b=0.5. Effect of stress ratio
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