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EXTENDED ABSTRACT

This thesis investigates experimentally the mechanical behaviour of sand under triaxial
and generalised loading. The anisotropic flow deformation and critical state of M31
Sand were investigated usingthe hollow cylinder apparatus and two triaxial apparatuses
of the National Technical University of Athens, all of which were either updated or
modified forthe needs of the presentstudy. Monotonic and cyclic loadingwas imposed
on water pluviated sand specimens under a broad range of consolidation effective
stresses, p’c = (6'1c + 0'2c + 0'3) / 3, and stress ratios, K. = o’3. / 6’1, with fixed or
rotating stress principal axes (PA) and with two different values of the intermediate
principal stress parameter,b =(c¢’2—0'3) / (6’1 — 0'3).

Theresults from monotonic triaxial compressiontests indicate the existence of a unique
critical state line in the p’ — e — g space for M31 Sand, irrespective of the initial value
of void ratio and mean effective stress and drainage conditions. The state parameter, y,
proposed by Been and Jefferies (1985) normalises the strength and dilatancy
characteristics of sand while the stress — dilatancy relationship dependson state. The
results from monotonic undrained loading tests at different fixed directions of the ¢ ;-
axis with respect to the vertical, measured by angle a,;, and with constant p and b
showed that the inherent anisotropy affects the strength and deformability of
isotropically consolidated sand at the instability point, phase transformation point and
peak-failure state. The response of sand becomes, in general, more contractive and less
stiff when the angle «,; increases yet the weakest response is observed when one of the
maximum stress obliquity planes tends to align at failure with the horizontal bedding
plane. The same amount of shear strain or normalised excess pore-water pressure is
accumulated in the contractive phase of response at a lower deviatoric stress ratio when
a,; 18 higher. Moreover, flow instability is triggered at a lower deviatoric stress ratio
when a,; is higher. Despite the fixity of the stress PA the deformation of sand is
(weakly) non-coaxial up to the peak-failure state, becoming coaxial only after intense
dilative straining post-peak, while the principal direction of incremental stain is biased
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towards ag.; = +45°, possibly because sliding occurs more easily along the horizontal
bedding plane.

Undrained loading tests were conducted on anisotropically consolidated sand with
monotonically rotating stress PA at constant p and b and with either monotonically
increasing, constant or cyclically changing deviatoric stress, g, in order to investigate
the effect of consolidation and loading history on the mechanical behaviour of sand. It
was found that the combinations of ¢ = sin't [(6’1 —¢’3) / (6’1 + ¢3)] and a,; at the
triggering of flow instability are not unique, albeit being stated differently in previous
studies (Nakata et al. 1998, Sivathayalan and Vaid 2002). On the contrary, the
triggering condition and deformation patternof flowdepend on the stress-strain history,
including the effect of K. and incremental stress direction- a new flow parameter
indicates this dependence. It was also shown that a small stress perturbation involving
rotation of the stress PA can trigger flow when the sand is consolidated at low K. For
higher values of K. the rotation of the stress PA at constant g may still induce plastic
contraction, flow instability and failure of sand. Apart from the effects of stress-strain
history on bifurcation the inherent anisotropy also plays an important role since the
triggering of both diffuse and localised instabilities occurs preferably at stress states
corresponding to unfavourable deformation kinematics, i.e. to shearing and sliding
along the horizontal bedding plane.

The rotation of the stress PA is associated with strong non-coaxiality that persists past
the state of peak failure. Distinct non-coaxiality patterns and elastic-plastic coupling,
associated with the unloading of the non-diagonal component of the stress tensor, were
observed during the first cycles of stress rotation, at low deviatoric stress ratio, when
the deviatoric stress was kept constant. The non-coaxiality angle, & decreases with the
deviatoric stress ratio in both non-coaxiality patterns, though, the sand ultimately
deforms in a steady state corresponding to a stabilised angle of non-coaxiality, mean
effectivestressand deviatoric stressratio, only to be arrested by the triggering of diffuse
or localised instabilities. These non-coaxiality patterns are, in general, independent of
the value of K. and the number of the previous stress rotation cycles and are also
observed in the case that the deviatoric stress changes periodically. On the other hand,
distinctnon-coaxiality patterns are observed before peak failuredependingon the value
of Kcwhen the rate of stress rotation decreases as the deviatoric stress increases, though,
the differences become less pronounced past the peak-failure state. Interestingly,
stronger non-coaxiality corresponds to a lower K. and the effectof pre-shearingon non-
coaxiality appears to be more important than the effect of the rate of stress rotation, as
has been previously pointed out by Gutierrez etal. (1991).

Among the novel findings of this study are those indicating that the stress state of loose
sand subjected to undrained principal stress rotation at constant deviatoric stress may
move along the direction of isotropic stress unloading from the consolidation state to
the failure state without triggering flow. This behaviour is a contrast to the predictions
of recentmodels developed within the framework of Bifurcation Theory which indicate
thatthe direction of isotropic unloadingbelongs to the setof unstable directions of loose
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sand even at low deviatoric stress ratio, away from the peak failure state (Darve and
Laouafa 2000, Darve et al. 2004, Sibille at al. 2007, Prunier et al. 2009). Once the
failure surface has been reached it was shown that a quasi-static diffuse instability can
be triggered under increasing effective stresses and decreasing stress ratio, followed by
a dynamic diffuse instability under decreasing stresses and stress ratio. Consequently,
the experimental results verify for the first time the predictions of the numerical
analyses by Darve that instability may occur under increasing effective stresses and
decreasing stress ratio (Darve and Laouafa 2000, Darve et al. 2004, Sibille at al. 2007,
Prunier etal. 2009).

This study shows that sand exhibits strong non-coaxiality and contracts whenever the
loading with fixed stress PA is interrupted by a continuousrotation of the stress PA.
The degree of non-coaxiality and associated contractancy becomes higher when the
previous shearing becomes more intense in terms of shear strain accumulation. The
novel findings reported herein indicate that the influence of pre-shearing on sand’s
behaviour is more important than the influence of the degree of stress rotation and the
level of , p’, e and b, reported in previous studies (Miura et al. 1986, Gutierrez etal.
1991, Li and Yu 2010, Tong et al. 2010 and 2014), but diminishes gradually as the
stress rotation continues. Specifically, it is shown that sand exhibits strong non-
coaxiality and contracts immediately upon initiating the rotation of the stress PA at
constant effective stress principal values (PV) very close to critical state albeit it was
previously dilating on the failure surface in a coaxial deformation mode, under radial
loading; the phenomenon becomes increasingly intense as critical state is approached.
Dafalias’s (2016) thought experiment is the limiting case of the sequence of
experiments performed herein thus the presented experimental evidence is supporting
the claim that the Anisotropic Critical State Theory by Li and Dafalias (2012)
constitutes a necessary revision of the classical Critical State Theory.

Accordingly, the effect of pre-shearing on the non-coaxiality and contractancy of
highly-stressed sand is also apparent when undrained loading is imposed after
anisotropic consolidation. In this case, a small stress perturbation involving rotation of
the stress PA induces strong non-coaxiality and the associated plastic contraction
triggers flow instability. This situation is the diffuse analogue of the mechanism in the
incipient shear band described by Vardoulakis (VVardoulakis et al. 1978, Vardoulakis
and Graf 1985, Vardoulakis and Georgopoulos 2005) and may explain the vulnerability
of sands to spontaneous liquefaction, in stress-rotation conditions, when the static shear
stress is high.

The results from this thesis offer new knowledge and contribute towards the deeper
understanding of the effects of anisotropy and loading history on the mechanical
behaviour of sand. The deposition process and loading history influence the formation
and evolution of fabric and this microscopic process controls the macroscopic
mechanical behaviour of sand at every state, including the critical one. Consequently,
the necessity is highlighted to develop models that can simulate the effects of fabric on
the mechanical behaviour of sand under generalised and complex loading conditions,
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similar to those imposed in the current study. The future research will be directed
towards the application of techniques for measuring the fabric tensor of granular media
by means of physical properties like the electrical conductivity and the mechanical
wave velocity. Likewise, the investigation of the mechanical behaviour of sand under
true triaxial loading conditions is an attractive subject for future research.
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MINAKEX (TABLES)

Mivaxag 1 KoatdAoyog tov cupforny kot Tov £10GEDV TOV YPNCOTOOINKAY Yo
TOV VTOAOYICUO TOV UECMV TAGEWV, TOUPALOPPMDCEMV KOl GAADY TOPAUETPOV OTIC
OOKIUEG OTPEMTIKNG OB TUNONG

Table 1 List of symbols and equations used to calculate the average stresses, strains
and other parameters in torsional-shear tests
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Mivakag 2 Katdloyog tov Bacikdv GUBOA®Y Kol GUVTOHOYPOPLDOV
Table 2 Notations and abbreviations

a material constant used in the relationship of the critical state line in the e — (p /pa)~
plane

€1 major principal strain

g2 Intermediate principal strain

€3 minor principal strain

gq deviatoric strain, eq= 2Y2/3[(e1- £2)% + (e2- €3)? + (e3- €1)?]2
el VOlumetric strain, sy =c1+ e+ &3

n stressratio,n =qlp’

A slope of the critical state line in the e — (p /pa)* plane

¢ non-coaxiality angle, &= agg1 - o,

o’1 major effective principal stress

o', intermediate effective principal stress

o’3s minor effective principal stress

¢ angle of shearing resistance (degrees)

@c angle of shearing resistance at the critical state (degrees)

w state parameter of Been and Jefferies, y=e - e.(p )

ACST anisotropic critical state theory

B Skempton’s pore-pressure coefficient

c cohesion

CSL critical state line in the e — p "plane

CST critical state theory

D dilatancy ratio, D = dePyoi/ dePq (the superscript p stands for plastic)
e void ratio, e =V, / V,

e«(p ") void ratio at the critical state at mean effective stress p’

er material constant indicating the intercept of the critical state line in the e — (p /pa)~
plane with the p’ = 0 axis

XMl



HCA hollow cylinder apparatus

IP instability point

IS instability surface

M stress ratio, q/ p’, at the critical state

PA principal axes

PTP phase-transformation point

PV principal values

p’ mean effective stress, p’'=(c'1+ o2+ 0’3) /3

pa atmospheric pressure at zero elevation (101 kPa)

q deviatoric stress, q =[1/2((c'1- 672)2 + (6'2- 6'3)2 + (63 - '1)?)] V2
u pore-water pressure in excess of atmospheric pressure
Vs volume of sand particles

V, volume of voids

IMivaxag 3 Dvoikd yopoktploTiKd e dupov M31

Table 3 Physical characteristics of M31 Sand

Specificgravity, Gs(-): 2.66

Minimum voidratio, emn(-): 0.50 % E:;;sz?and
Maximum void ratio, emax (-): 0.80 U=De/D= 1.58

Grainsize Dio(mm): 0.214
Grainsize Dy (mm): 0.258
Grainsize Dsp(mm): 0.310
Grainsize Dgo(mm): 0.339
Coefficientof uniformity, Cu(-): 1.58
Coefficientof curvature,Cn(-): 0.92 .
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Dy is the grain size (diameter) corresponding to p% finer in the grain size distribution curve. The
coefficient of uniformity is C, = Deo/ D10 While the coefficient of curvature is Cr = (D30)?/ (Dso* D1o)

Mivaxag 4 [Tapdpetpot kpioyng kotdotaong g aupov M3 1

Table 4 Critical-state parameters of M31 Sand

ec(p)=er- A(p Ipa)’,pa=101kPaand 7. =(q/ p’). =M

er | 2 | o

M (forb=0)

XV




M31Sand | 0.7682 | 0.0112 | 0.70 | 1.24

IMivaxag 5 XuvOnkeg kotd v évapén TG GTPOPNS TOV KUPL®V AEOVOV TAGEMS OTIG
dokiég tomov PAR

Table 5 Conditions at the initiation of stress rotation in PAR-series tests

Test 3 p’ b a & e 7 Pre-shearing
() | KPa) | () ©) (%) () ()

PAR1 | 1.01 100 0 0 0.78 | 0.693 [ -0.064 AC

PAR2 | 1.02 507 05 15 124 |1 0.726 | -0.008 RL

PAR3 | 1.05 | 343 05 15 76 |0.744 | 0.003 RL

PAR4 | 1.12 | 402 0.5 15 47 10.733 | -0.006 RL
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Fig. 6 Response of loose IC sand to monotonic undrained loading with constant a, b and p parameters a
Effective stress pathsin the gq— p ' plane. b Octahedral shear stress — strain curves (zoct — Yoct)
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Fig. 7 Definition of the Local Boundary Surface (Symes et al. 1984, Sibuya and Hight 1987), Instability Lines
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Fig. 21 Rotation of the stress principal axes at constant effective stress principal values in test PARL at n =
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Fig. 24 Stress — strain history effects, nearing critical state, on the dilatancy and non-coaxiality of sand during
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