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Abstract

This keynote lecture discusses the results of a long lasting experimental research, devoted to
the investigation of clay microstructure and its evolution upon loading. Micro-scale analyses,
involving scanning electron microscopy, image processing, mercury intrusion porosimetry
and swelling paths to test the clay bonding, are presented on clays subjected to different
loading paths, with the purpose of providing experimental evidence of the processes at the
micro-scale which underlie the clay response at the macro-scale. Data from the literature
on clays of different classes, either soft or stiff, are compared to original results on two stiff
clays, Pappadai and Lucera clay, both in their natural state and after reconstitution in the
laboratory. The results presented herein allow building a conceptual model of the evolution
of clay microstructure upon different loading paths, providing microstructural insights
into the macro-behaviour described by constitutive laws and advising their mathematical
formalization in the framework of either continuum mechanics or micro-mechanics. For
editorial purposes, the research results are presented in two parts. The first part, presented
in this paper, concerns the results for reconstituted clays, whereas a second part, concerning

the corresponding natural clays, is discussed in a second companion paper.

1. Introduction: background and research
perspectives

This keynote lecture reports on research concerned
with the correspondence between the engineering behaviour
of clays, at the scale of the representative element volume
(REV —macro-behaviour), and the multi-scale and multi-physics
processes controlling such behaviour. The main objective is to
provide experimental evidence of the micro-scale processes
which determine the response of consolidated clays, to support
the mathematical formalization of their constitutive laws,
either in the framework of continuum mechanics, or in that
of micro-mechanics (Figure 1).

For natural clays, far more than for clean coarse soils,
the engineering response depends not only on the grain, or
particle, size distribution and mineralogy, but also on physical
and chemical processes taking place in the clay history since
deposition, which impact its microstructure. This has been
defined (e.g., Lambe & Whitman, 1969) as a combination of
fabric (i.e., the geometric arrangement of the soil particles
and grains) and bonding (i.e., the inter-particle forces),
where clay bonding is not necessarily of a mechanical nature
(Cotecchia & Chandler, 2000). Hence, in this research, the

interpretation of the micro-scale processes determining the
clay macro-behaviour has been always based upon, on one
side, the direct investigation of the microstructural features,
according to the scientific literature in clay micro-morphology
and clay physics and, on the other, the knowledge of the
clay history since deposition, i.e., the geological history for
natural clays. The results of such interpretations can then be
used to characterize the correspondence between classes of
clays, of given composition, background history and achieved
microstructural features, and classes of macro-behaviour.
Relating classes of macro-behaviour to classes of clays
may support the use, in the engineering practice, of existing
constitutive laws developed in the framework of continuum
mechanics and elasto-plasticity (Figure 1, research line a-7).
This is the case if, for constitutive laws (e.g., Schofield &
Wroth, 1968; Roscoe & Burland, 1968; Gens & Potts, 1988;
Gens & Nova, 1993; Rouainia & Wood, 2000; Kavvadas
& Amorosi, 2000; Baudet & Stallebrass, 2004) resulting
from macro-behaviour studies (to date calibrated only
based on macro-scale data and optimization strategies,
e.g., Borja et al., 1997; Zhang et al., 2009; Knabe et al.,
2013), the set of parameter values required to predict the
class of macro-behaviour relating to clay class is provided.
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Also, the knowledge of the physical background of a given
class of macro-response could support further development
of the constitutive laws, e.g., implementing additional
microstructure constitutive variables in the hardening
law (Figure 1, research line a-if). On the other hand, the
identified relations between classes of clays, macro-response
and micro-scale processes, may support the integration of
micro-mechanics in the constitutive modelling of clays
(Figure 1, research line b).

Background of the presented research work is the
geotechnical studies of the effects of composition, deposition and
consolidation conditions on the clay response (e.g. Skempton
& Northey, 1952; Bjerrum, 1967; Schmertmann, 1969; Pusch,
1970; Skempton, 1970), which, since the early fifties, have
shown the differences in macro-response of natural and
reconstituted clays. The research insight into these differences
(Burland, 1990; Leroueil & Vaughan, 1990; Hight et al.,
1992; Smith et al., 1992; Cotecchia & Chandler, 1997, 2000;
Cafaro & Cotecchia, 2001; Gasparre et al., 2007) has given
evidence to the important influence on clay macro-response of
non-mechanical processes taking place in the geological history
of natural clays (e.g., thixotropy, diagenesis, weathering).
Accordingly, the comparison between the macro-behaviour
of natural and reconstituted clays has proved a useful
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method to investigate the mechanical effects of differences
in microstructure, once these are characterized through
micro-scale studies of the natural clay and of the same clay
when reconstituted.

Background of the presented research work is also the
direct investigations of clay microstructure developed since
the availability of scanning electron microscopy, SEM. In the
late seventies, pioneer SEM applications to the investigation of
the effects of loading on clay microstructure, i.e., post-mortem
investigations (Tovey, 1973; Sfondrini, 1975; Tavenas et al.,
1979; Sides & Barden, 1971; Mitchell, 1976; Smart & Tovey,
1981; Cotecchia et al., 1982; Delage & Lefebvre, 1984),
already provided evidence of the microstructural changes
in the background of given clay stress-strain responses.
Since then, SEM, later combined with Mercury Intrusion
Porosimetry, MIP (Diamond, 1970; Romero & Simms, 2008),
have been used in experimental studies of the dependence of
clay macro-behaviour on clay microstructure (e.g., Delage
& Lefebvre, 1984; Griffiths & Joshi, 1990; Locat, 1995;
Lapierre etal., 1990; Cotecchia & Chandler, 1997, 1998; Delage,
2010; Hattab & Fleureau, 2010; Hicher et al., 2000; Cetin,
2004; Monroy et al., 2010; Hattab et al., 2013; Cotecchia et al.,
2016, 2019; Mitaritonna et al., 2014; Guglielmi et al., 2018,
2023, 2024; Jia et al., 2020).
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Figure 1. Research lines (a) and (b) of reference in the lecture.
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Nonetheless, the exploration of micro-mechanical
modelling of clays has become a main research issue only in
the last decade, prompted by the parallel intense development
of micro-mechanical modeling of coarse soil behaviour.
The latter has indeed resulted from long-lasting research
(e.g., Oda, 1972, 1993; Cundall & Strack, 1979; Oda et al.,
1985; Wan et al., 2005; La Ragione & Jenkins, 2007; Li & Li,
2009), boosted recently thanks to new techniques revealing
grain-scale processes in these geomaterials (Desrues et al.,
2010; Hall et al., 2010; Ando et al., 2013; Viggiani et al.,
2015; Guida et al., 2018; Nardelli & Coop, 2019).

It must be acknowledged, though, that the electro-
chemo-mechanical processes taking place at colloidal
scale in clays, subject of sciences such as clay mineralogy,
crystallography, colloid behaviour and micro-morphology
(e.g., Gouy, 1910; Chapman, 1913; Derjaguin & Landau,
1941; Verwey & Overbeek, 1948; Sides & Barden, 1971;
Collins & McGown, 1974; Gay & Berne, 1981; O’Brien
& Slatt, 1990; Gupta et al., 2011; Israelachvili, 2011),
make the simulation of clay macro-behaviour through the
modelling of micro-scale processes a challenge, much more
complex than for coarse soils. Such modelling needs to be
strongly interdisciplinary and involve systemic experimental
investigation of the micro-scale processes for different classes
of clays. In any case, the micro to macro investigation of
clays, making use of SEM and MIP to assess the effects of
loading on clay microstructure, are still too few to date.

The limited number of post-mortem micro-analyses
of clays is due to the great effort required by such studies.
These require the cryo-liofilization of small clay specimens
to be performed according to an appropriate protocol (Gillott,
1970; Delage & Pellerin, 1984; Delage & Lefebvre, 1984;
Penumadu & Dean, 2000; Cuisinier & Laloui, 2004; Mitchell
& Soga, 2005; Sasanian & Newson, 2013; Romero &
Simms, 2008; Guglielmi et al., 2024) not to disturb the clay
microstructure; doubts about its effects on clay slurry remain
(Deirieh et al., 2018). Furthermore, relating micro-processes
to clay macro-behaviour through post-mortem micro-analyses
requires a great number of tests, since tests must stop at
different stages of loading. In addition, a successful SEM
application requires collaboration between geotechnical
researchers, microscopy analysts and mineralogists. Given
so, the use of alternative less-invasive technologically
advanced techniques to achieve continuous knowledge
of the clay fabric changes all the way through loading
paths, such as X-ray Computed Tomography, Small Angle
X-ray scattering (Birmpilis et al., 2019, 2022a, b) has been
attempted in micro-macro investigation of clays. However,
to date, ‘in-operando’ techniques attain very coarse spatial
resolution in clays, which makes them not satisfactory for
clay fabric analyses.

The mathematical modelling of clay micro-scale
processes has been so far attempted through the use of the
Derjaguin-Landau-Vervey-Overbeek, DLVO, model to
predict non-contact forces between clay particles. Due to
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the limitations of the employed theoretical assumptions,
such attempts have addressed mono-mineral clay particles
within simple, strictly defined scenarios (e.g., Anandarajah,
1994, 2000; Yao & Anandarajah, 2003; Frenkel & Smit, 2013
Ebrahimietal.,2012,2014,2016; Liu et al., 2015; Sjoblom,
2016). Other modelling strategies entail the application of
the distinct element method, DEM, to clay micro-mechanics,
simplifying the inter-particle forces through equivalent
mechanical elements, to be calibrated based upon either
phenomenological assumptions or empirical observations
(Pedrotti & Tarantino, 2018; Pagano et al., 2020). Although
Molecular Dynamics, MD (Alder & Wainwright, 1959;
Frenkel & Smit, 2013), is generally used for intra-particle
phenomena, recent studies have explored the implementation
of the DLVO theory to calibrate potential functions within
molecular dynamics deployed between particles (simulated
as platelets), even endorsing the implementation of the
Gay-Berne potential (Ebrahimi et al., 2014; Bandera et al.,
2019, 2021). Whichever micro-scale modelling strategy,
though, still requires a deeper experimental insight into the
clay fabric and bonding evolutions under loading to be taken as
the target of the model predictions (Figure 1, research line b).
To date, for multi-mineral clays, either reconstituted or
natural, such insight may be still pursued solely through
post-mortem micro-analyses.

In order to progress in this direction, the research work
here of reference has entailed post-mortem micro-analyses of
clay specimens of varying composition, either reconstituted in
the laboratory or natural, both at early stages of consolidation
and after compression under different constant stress ratios, 1.
For editorial purposes, the research results have been split
in two parts. The first part, presented in this paper, concerns
the results for reconstituted clays, whereas the second part,
concerning the corresponding natural clays is discussed in a
second companion paper. The research methodology, adopted
for both the studies, on the natural and the reconstituted clays,
is presented in the following section of this paper.

The investigation results provide evidence of how the
interaction forces between the clay components determine
different clay states (in the compression plane) and fabrics
for varying composition, deposition environment (laboratory
or field), constant stress ratio (r) compression and other
processes taking place at the micro-scale under burial. The
micro-scale investigations have made use of SEM and field
emission SEM (FESEM; Gillott, 1973; Tovey & Wong,
1973), MIP (Diamond, 1970) and swelling tests (to assess
the clay bonding strength; Burland, 1990). To quantify the
fabric orientation, SEM and FESEM micrographs have been
subjected to image processing (e.g., Martinez-Nistal et al.,
1999; Hattab & Fleureau, 2010).

The micro-analysis results are intended to support advances
for both research lines in Figure 1. For line a-i, they can support
the use, in engineering design (e.g., Manzano et al., 2023), of
constitutive laws in the framework of elasto-plasticity, since
the knowledge of the micro-processes generating a prediction
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achieved through a given set of parameter values, provides the
engineer with a guidance to the selection of the appropriate
parameter values. Furthermore, according to line a-ii, the
results provide indications about microstructure constitutive
parameters (either scalar or tensorial) useful to represent
clay microstructure in new hardening laws (e.g., for sands:
Odacetal., 1980; Oda, 1993). For clay micro-scale modelling
(Figure 1, line b), the research results outline the main
micro-scale processes impacting the clay macro-response,
which could guide the design of such modeling.

2. Research methodology

The experimental data discussed in both companion papers
(for either reconstituted or natural clays) resulted either from
tests performed by the authors, or from previous published
studies of other authors. In any case, the clay composition
is always characterized through mineralogical and chemical
analyses and geotechnical index tests (liquid and plastic
limits, w, and w,, grading fractions, €.g., clay fraction CF).
The clay macro-state is always characterized in terms of void
ratio, e, and degree of saturation, S . Furthermore, the clay
history is characterized providing: i) the original deposition
conditions, ii) the preconsolidation pressure, iii) subsequent
unloading/loading sequences, iv) ageing and diagenesis for
the natural clays. The clay class of the specific clay under
study is then identified, accordingly.

For each clay of reference, a set of one-dimensional
compression tests has been carried out, together with micro-
analyses to assess the clay fabric and bonding at different
stages of compression. For some of the clays, one-dimensional
swelling has also been performed to characterize the clay
bonding strength through the swell sensitivity C */C
(Schmertmann, 1969), since the strengthening of bonding
which may develop in the natural clay tends to restrain the
swell capacity. Also, different 1 compressions have been
performed to investigate the influence of n on the clay
microstructure (degree of fabric orientation and degree of
mechanical anisotropy).

For most clay prototypes, the macro-tests and the
micro-analyses have been carried out on both the natural
and the reconstituted clay, since the comparison between
the macro-behaviour and the microstructural features of
the natural and the reconstituted clay provide evidence of
the micro-structure effects on the clay macro-response. The
reconstituted clay data are discussed in the following, while
those for the natural clays are compared with the following in
the companion paper. In both papers the constitutive modelling
implications of the micro-scale findings are explored.

2.1 Micro-scale investigation techniques
Different techniques have been combined to investigate

the clay microstructure post-mortem. The specimens have
been unloaded in undrained conditions at the end of the test

and cube-shaped specimens of ~1 cm® volume have been cut
from their central part. Before microstructural testing, the
small specimens were subjected to freeze-drying. This is
routinely used for sample dehydration, to minimize the clay
disturbance compared to air, or oven drying (Gillott, 1970;
Delage & Pellerin, 1984; Delage & Lefebvre, 1984; Penumadu
& Dean, 2000; Cuisinier & Laloui, 2004; Mitchell & Soga,
2005; Sasanian & Newson, 2013; Romero & Simms, 2008).

MIP data provide the clay pore size density function,
PSD. SEM (after specimen gold coating), or FESEM (carbon
coating) micrographs have been acquired for vertical fractures
of the freeze-dried specimens, obtained by fracturing the
soil before coating.

Fabric orientation, which may represent an internal source
of anisotropy of both mechanical and hydraulic properties,
has been assessed not only qualitatively (e.g., Delage &
Lefebvre, 1984; Lima et al., 2008; Cotecchia et al., 2016),
but also quantitatively, using image processing. This has been
performed through a digital operator-independent technique
(Martinez-Nistal et al., 1999; Mitaritonna et al., 2014;
Cotecchia et al., 2019), successfully applied to clays in the
past (e.g., Pisa clay and Pappadai clay; Veniale et al., 1993,
1995; Cotecchia & Chandler 1997, 1998) and extensively
illustrated by Mitaritonna et al. (2014) and Cotecchia et al.
(2019). The procedure is based on the thinning of the
elongated bright regions of the micrograph, which represent
the edges of oriented particle aggregates, as exemplified
by Cotecchia et al. (2019)' and Guglielmi et al. (2024)*.
The resulting field of vectors is processed to derive a histogram
of orientations (rosette) and a scalar statistical expression of
the dispersion of the vectors with respect to the mean direction,
L. Lhas avalue of 1 for a completely iso-oriented fabric and it
decreases for ‘low oriented’ (0.15 <L <0.21) and ‘randomly
oriented’ (L < 0.15) fabric (Martinez-Nistal et al., 1999).

3. The micro-scale REV

Cotecchia et al. (2019) discuss post-mortem
microstructural analyses of Pappadai clay, in its natural
and reconstituted state, with the aim of characterizing
the micro-scale sources of the clay macro-behaviour in
compression. The authors discuss the clay fabric features,
through qualitative and quantitative investigations of the
SEM micrographs, and provide elements characterizing the
bonding of the clay when natural, through: 1) its inspection
in SEM using energy-dispersive X-ray spectroscopy, EDS;
2) the measurement of C */C,; 3) the comparison of the
overconsolidation ratio due to geological loading processes,
OCR (= c’p/a " » Where 0’p is the preconsolidation pressure
and ¢’ , the in situ vertical effective stress), and the yield

stress ratio of the clay in compression, YSR = a’y/ o’ The

! See Figure 3 in Cotecchia et al. (2019).
2 See Figure 2 in Guglielmi et al. (2024).
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Figure 2. 1D behaviour of Pappadai clay in the [e; ¢’ ] plane
(modified after Cotecchia et al., 2019).

monitoring of C */C_under loading provides indications of
the bonding evolution with compression. Figure 2 shows the
results of 1D compression and swelling tests on natural and
reconstituted Pappadai clay and the clay states for which the
authors discuss the micro-scale data.

The state of the natural clay (Pal in the figure) resulted
from its geological overconsolidation (Cotecchia & Chandler,
1995; OCR = 3). When subjected to 1D compression, the
clay exhibits gross yield (onset of major decay in stiffness;
Hight et al., 1992), at c’y about twice G’p (YSR = 2-:OCR),
as a result of diagenesis under burial, which has increased
the strength of the clay bonding. Through EDS, Cotecchia
(1996) shows that the clay bonding increased its strength
during diagenesis, partly as an effect of the development of
an amorphous calcite film, binding the natural clay particles.

The reconstituted Pappadai clay (parameters™*), prepared
according to Burland (1990), exhibits a swelling index
compatible with C */C_=2.5, which confirms the existence of
an additional bonding in the natural clay, characterized through
EDS as said above. It allows the natural fabric to achieve
higher void ratio than the reconstituted along compression
paths, providing the clay with a stress sensitivity, S =c’ /o*,
(where 6* is the pressure on the ICL for the same void ratio
of the natural clay at gross yield) of 3.5 (Figure 2).

The size of the minimum clay volume including a
representative distribution of all the bonding and fabric
features recurring in the clay microstructure, clay Micro-REV,
has been investigated by Cotecchia et al. (2019) for both
the natural and reconstituted Pappadai clay characterized
above. To this aim, the authors investigate, in the SEM, the
recurrence across the specimens of both the fabric and the
bonding features, the latter using EDS.
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The reconstituted clay 1D pre-compressed to
o’ =200kPa and then swelled to Pal* in Figure 2, is found
to embody fabric features like those exemplified in Figure 3a,
showing a vertical fracture of about 10* pum? size area (cubic
volume 10 mm?), investigated at a ‘medium scale’ of 10°
magnification (Collins & McGown, 1974; O’Brien & Slatt,
1990). Such fabric exhibits a repetitive pattern, formed of
densely packed domains in face to face contact forming stacks
(Figures 3b and 3e), confining either macro-pores (diameter
above 1 pum; Matsuo & Kamon, 1977; Guglielmi etal., 2018),
or aggregates of randomly oriented particles/domains, in edge
to face contact. The image processing of several medium
scale micrographs of Pal* delivers repetitive L values,
in the narrow range 0.23-0.27 (e.g., Figure 3¢), which
suggests a repetitive medium-good orientation at this scale
(Martinez-Nistal et al., 1999). A repetitive porosimetry is
expected to correspond to such a fabric pattern.

For the natural clay at state Pal (e=0.88 -¢’ =414 kPa;
Figure 2), both the qualitative analysis and the image
processing of several medium scale micrographs result in a
repetitive fabric too. This is formed by a dense packing of
stacks, locally burying either randomly oriented domains
(e.g., bookhouse, Figure 3¢), or macropores, or micro-fossils
(Cotecchia et al., 2019%). The direction histograms deliver
repetitive values of L in the range 0.24-0.37, indicative
of a good orientation fabric. At higher magnifications
(i.e., 10*-10%; clay portions of about 10 mm? volume; ‘large
scale’), in either the reconstituted specimen Pal*, or the
natural Pal, the fabric is highly variable, from a complete
preferred orientation, c.p.o., to a randomly oriented fabric, as
exemplified in the figures reported by Cotecchia et al. (2019)*.
Accordingly, for both clays, the image processing at large
scale results in variable indices of orientation, 0.15 <L <0.28.
Similarly to both Pal* and Pal, at high pressure, e.g.
samples Pa4* and Pa4 in Figure 2, the medium scale fabric
is still not uniform and, at large scale, the image processing
detects highly variable L values.

The authors find that such variability in local fabric
generally applies to natural and reconstituted clays 1D
compressed to medium-high pressures (Guglielmi et al., 2024),
providing evidence of the crucial need for a characterization
of the micro-scale features within a micro-REV of the clay,
if wishing to assess the micro-scale sources of the clay
macro-behaviour. The micro-REV structure must include,
in a repetitive way, the different local fabric and bonding
features, to fulfil the role of internal variable controlling
the clay macro-behaviour. For Pappadai clay, either natural
or reconstituted, Cotecchia et al. (2019) show that the
micro-REV size is larger than 10 mm?, corresponding
to clay fractures of about 10 mm? size, examined at
the medium-scale. Mitaritonna et al. (2014) are the first

3 See Figure 5 in Cotecchia et al. (2019).
4 See Figure 6 in Cotecchia et al. (2019).
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COALESCENCE OF STACKS

e)

Figure 3. (a) Micro-REV fabric of reconstituted Pappadai clay (Pal* in Figures 2 and 5), with (b) examples of different local fabric
arrangements and local L values; (c) corresponding direction histogram and index of fabric orientation (modified after Cotecchia etal., 2019
and Guglielmi et al., 2024); (d-i) 1D compressed clay fabric scheme, after Sfondrini (1975), and (d-ii) its evolution in 1D compression;
(e) fabric components (sketches from Sides & Barden, 1971, modified).

to provide evidence of how the clay macro-behaviour
relates to the medium-scale clay fabric features, i.e., the
micro-REV fabric, as further explored in the following
sections.

All the results discussed above suggest a possible
strategy to define the microstructure constitutive parameters,
which may be either scalar or tensorial functions indicative
of the influence of fabric and bonding on the clay hardening
law, in macro-behaviour constitutive laws (Figure 1, research
line a). These functions could formalize the influence of
the degree of orientation of the micro-REV fabric, L, for

medium magnification SEM micrographs, or the influence
of the micro-REV porosimetry, on the macro-response.
The microstructure constitutive parameters should embody
also the current bonding strength, although the quantitative
characterization of bonding through micro-scale observations
is not pursued yet through micro-scale investigations.
Further research is still necessary for the acquisition of
a database of micro-scale observations sufficient for the
characterization of the microstructure parameters recalled
above. To date, such a database is achievable only through
post-mortem testing. The analyses of post-mortem test data
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reported in the following are intended to contribute to the
reaching of those objectives.

It is worth highlighting that the micro-REV scale is
smaller than the scale of the single particle interactions.
Hence, after the very early stage of initial deposition, the set
of micro-features which is expected to impact most of the
clay macro-behaviour appears to be dominated not only by
the electrostatic, electromagnetic and chemical inter-particle
forces, but also by the mechanical interactions of the particle
aggregates (either the stacks or the flocculated aggregates;
Figure 3e) which recur in the micro-REV. In the following,
it will be shown how these aggregates evolve and how, at
the same time, the overall micro-REV fabric changes under
different n compressions.

4. Clays under study
4.1 Composition

The index properties of the clays of reference in the paper
are plotted in the plasticity and activity charts in Figure 4; their
mineralogical composition is also reported. Their behaviour
when reconstituted in the laboratory is discussed in the paper,
whereas details about their natural state and history will be
provided in the companion paper, where their micro to macro
behaviour will be also discussed.

4.2 Clay states and macro-behaviour in compression

Figure 5 reports data resulting from laboratory 1D
compression on the reconstituted clays in Figure 4, normalized
for composition using the void index I = (e-e*, )/(e*, -e*
(Burland, 1990).

While the post-mortem micro-analyses for the clay
states in Figure 5 allow for insight into the evolution of
reconstituted clay microstructure in 1D compression, evidence
of the microstructure variations activated by changes in 1
has been acquired through post-mortem micro-analyses of
reconstituted Lucera and Gulf of Guinea clays subjected
to different constant j compressions.

Mitaritonna et al. (2014) report results of such
micro-analyses for reconstituted Lucera clay. This had
been 1D normally compressed from slurry to o’ = 100 kPa
(I, = 0) in the consolidometer, before further constant n
compression in the stress path (Figure 6), where, for this
clay, 1D compression corresponds to n = 0.6. As shown in
Figure 6, 1 was set to range from 0 to 0.8 in the stress path
testing, during which the evolution of clay stiffness anisotropy,
in terms of ratio G,,/G, , was measured by means of bender
element tests, as discussed by the authors.

In particular, the specimens were subjected to =0,
0.3, 0.6 in Tests 1, 2, 3 respectively, and to n = 0.8 in both
Tests 4 and 5 (Figure 6). The state paths followed by the

1 0()())

100 ©
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& 50+ :21':;aennar : Hattab et al. (2013)
40 Gulf of Guinea X St Marcel (StM) Ch: 4-16;1: 2-10; V: 2-9 1
30 4 St Marcel + Delage and Lefebvre (1984)
v Boom ] Ballina (Ba) K:2,3-24,5;1: 7,8-23,3; Qz: 8,8-55,9;
20 1 London * Pineda et al. (2016a, b) 1/S:9,5-20,1; amorphous minerals:
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90 4 Cotecchia et al. (2019), Guglielmi (2018)
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80 1 % 5 Mitaritonna (2006), Guglielmi (2018)
70 Ballina > Boom (Bo) 1:50; S: 30; /S+K: 10 T
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30 ;::r: i : Brown Weathered London (BWL) -
20 Skempton and Jones (1944), Monroy et al. (2010)
*Percentages are shown, when available, otherwise the minerals are listed in descending order of dominance:
10 4 1, illite; K, kaolinite; Ch, chlorite; S, smectite; I/S, mixed-layers illite/smectite (illite % within parentheses); V,
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Figure 4. (a) Plasticity chart, (b) activity chart and (c) mineralogy of the clays analysed in the lecture (after Guglielmi et al., 2024; data
after Bishop et al., 1965; Burland, 1990; Cotecchia & Chandler, 2000; Delage & Lefebvre, 1984; Hattab & Fleureau, 2010; Smith, 1992;

Pineda et al., 2016a).

Cotecchia et al., Soil. Rocks, Sao Paulo, 2024 47(3):¢2024011723



Micro to macro investigation of clays advising their constitutive modelling - part I

1225
r —_— 1 (n=0)

1050 i = 2(1=03)

g75 L = ——— 3M=06) B
B 4(=0840.1)

700 —O8— :(n=08-0.1)

525

q (kPa)

350

-175

o 350 700 1050 1400
p' (kPa)

Figure 6. Results of constant-n compression tests in the g-p ' plane
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Figure S. Reconstituted clays in Figure 4: 1D normally consolidated
states subjected to micro-analyses (data after Bishop et al., 1965;
Burland, 1990; Cotecchia & Chandler, 1997 and 1998; Cotecchia et al.,
2019; Delage & Lefebvre, 1984; Hattab et al., 2013; Smith, 1992;
Monroy et al., 2010; Pineda et al., 2016a, b; Cotecchia et al., 2019;
Guglielmi et al., 2024). ICL: intrinsic compression line; SCL:
sedimentation compression line (Burland, 1990).

specimens in the compression plane: specific volume, v, versus
log p’, are reported in Mitaritonna et al. (2014)°. The roughly
parallel normal consolidation lines, NCLs, followed by the

5 See Figure 4 in Mitaritonna et al. (2014).

clay state in different  compressions confirm the shift to
the right of the NCL for decreasing 1. Also, the data show
the shift of the clay state from one nNCL to the other while
undergoing a variation in 1 (Tests 4 and 5). The reconstituted
clay fabric was investigated before and after stress path testing
(states shown in Figure 6), by means of SEM analyses and
digital image processing; the corresponding microscale data
are recalled in the following section.

5. Reconstituted clay microstructure at different
stages of 1D compression

Figure 7 shows SEM micrographs taken from Delage
& Lefebvre (1984), Pineda et al. (2016b) and Hattab et al.
(2013) on vertical fractures of the clay specimens of I >0 in
Figure 5; these micrographs are analysed herein to provide
knowledge on the microstructure of such clays, with the
purpose to build a conceptual model. The SEM micrographs
in Figures 7a and b refer to state StM* of St Marcel clay,
the least plastic of the soft clays of reference (Figure 4). The
micrographs of the higher plasticity clays (Figure 4), Ballina
and Gulf of Guinea clay, at states Ba* and GoG1* respectively
in Figure 5, are shown in Figures 7c, d and e. The void ratios
of all the specimens investigated in Figure 7 are high and very
close (see the void ratios indicated in the figure), but the 7,
value of StM* is highest (Figure 5), due to the much lower
liquid limit of this clay of high content in rock flour.

For all the three clay specimens, of /, > 0, the fabric is
found to be formed of flocculated aggregates of particles and
domains (e.g., card-house to bookhouse aggregation; first sketch
in Figure 3e). The randomness in particle orientation holds from
the large to the medium scale (recognizable at the different
magnifications, Figure 7). In the higher activity clay specimens
Ba* and GoG1*, a spatial variability in the density of packing
of the flocculated particles and domains is recognized, since
densely flocculated aggregates are recognizable, within which
the intra-aggregate porosity is formed by hardly detectable
pores, much smaller than the pores between the aggregates,
which appear to be connected by domains acting as bridges.
Such inter-aggregate pores are about 1 um in size (Figure 7).
Such variability in density of the flocculated packing across
the whole fabric is more evident in the higher activity Ba* and
GoG1* specimens, than in the low activity StM* specimen.

It follows that the micro-REV fabric of all three
specimens at / > 0 is classifiable as random (low average
orientation; Delage & Lefebvre, 1984; Pineda et al., 2016b;
Hattab et al., 2013), as typical for card-house to bookhouse
fabric classes (Sides and Barden 1971). Especially for the
higher plasticity clays (Ba* and GoG*), the fabric appears
to match the honeycomb sub-class (Sides & Barden, 1971;
Collins & McGown, 1974), sketched in Figure 7f modified
after Griffiths & Joshi (1990). Honeycomb fabric features had
been already recognised for a high-water content reconstituted
kaolin (e = 2*e ) at an early stage of compression by
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Figure 7. SEM micrographs corresponding to the clays states in Figure 5: StM* - a, b; Ba* - ¢, d; GoG1* - e. Sketch of honeycomb
fabric (f) modified after Griffiths & Joshi (1990). Sources of the micrographs: Delage & Lefebvre (1984); Pineda et al. (2016b);

Hattab et al. (2013).

Cotecchia et al. (1982) (see Guglielmi et al., 2024), and for
an illitic clay slurry at the liquid limit by Griffiths & Joshi
(1990), who distinguished: the smallest pores within either
the domains, or the most tightly aggregated floccules, as
intra-elemental (Figure 7f); the relatively higher pores within
the flocculated aggregates as inter-group (intra-aggregate in
the following); the larger pores confined by the aggregates
and the bridges as inter-assemblage (inter-aggregate in the
following).

Cotecchia et al., Soil. Rocks, Sdo Paulo, 2024 47(3):¢2024011723

The porosity features detected through the SEM
investigation are confirmed by the MIP data in Figure 8
(data from Guglielmi, 2018). Both the high activity Ba* and
GoG1* specimens include a bimodal pore size distribution, PSD,
with a large dominant pore size (DPS) for the inter-aggregate
porosity, around 900 nm for Ba* and 1250 nm for GoG1*,
and a DPS around 60 nm for the intra-aggregate porosity.
For StM*, instead, the PSD curve (replotted from Delage &
Lefebvre 1984) is characterized by a single DPS around 444
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nm and by significant pore volume distributed across the pore
sizes, both below and above the DPS (the latter representing
inter-aggregate pores). Therefore, the PSD curves in Figure 8
suggest an influence of the activity index A on the PSD of the
flocculated clay, with a possible shift from a mono-modal to
abi-modal PSD with increasing A. However, Yu et al. (2016)
recognized a bimodal PSD for a kaolin slurry (i.e., a low
activity clay) reconstituted at 2*w, and consolidated to o’
=50 kPa. Hence, the influence of composition and boundary
conditions on the tendency of low plasticity clays to acquire
either a mono-modal, or a bi-modal PSD at early stages of
compression needs further investigation.

The previous micro-scale data have been compared
with those obtained for the reconstituted specimens 1D
compressed to higher pressures in Figure 5. The results
of SEM analyses carried out on reconstituted Lucera clay
(of activity close to that of StM*), Lul*, consolidated
to e =0.92 and I = 0 (Figure 5), are shown in Figure 9.
The micrographs reveal typical features of a compressed
bookhouse fabric (Sides & Barden, 1971). The image
processing indicates, for both the micro-REV micrographs

Figure 9. (a, c) FESEM micro-REV micrographs of Lul* in Figure 5 and (b, d) corresponding direction histograms and indices of fabric

orientation (modified after Guglielmi et al., 2024).
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in Figure 9, a low orientation degree, since the index of
fabric orientation does not reach L = 0.21. Hence, the data
indicate that the 1D compression of the reconstituted clay
to [ =0 increases the fabric orientation, but it does not yet
generate a highly oriented fabric by this stage of compression.
However, Cotecchia et al. (2019, 2020) found that for
reconstituted Pappadai clay, of slightly higher plasticity
and activity than Lucera clay (Figure 4), compression to
I slightly beyond 0, as for Pal* in Figures 2 and 5, results
in a well-oriented micro-REV fabric, characterized by an
index of fabric orientation L =0-23 - 0-27 (e.g., Figure 3c).
In this case, the fabric matches a repetitive alternation of long
sub-horizontal stacks, of highly oriented particles (Figure 3e),
and aggregates of randomly oriented particles/domains in
edge to face contact (see §3 and Cotecchia et al., 2019, 2020
for other micrographs). On the whole, the 1D compression
of the clay beyond /, = 0 (e.g. from Lul* to Pal*) seems
to determine a fabric evolution exemplified in Figure 3d:
sub-horizontal stacks form across the random fabric, as
originally sketched by Sfondrini (1975) (Figure 3d-i);
thereafter, additional stacks form and the first ones thicken,
as sketched in Figure 3d-ii. The image processing provides
quantitative evidence that the degree of orientation of the
micro-REV fabric of reconstituted clays is initially very low,
but increases through 1D compression and can become high
(L=0.21) early beyond / =0 (¢’ > 100 kPa). However, the
degree of orientation of the clay fabric is far from uniform
across the micro-REV of L > 0.21; conversely, as observed
at large scale (§3), it is very high within the stacks and
low in the flocculated fabric preserved between the stacks.

Figure 10 shows the PSD curves of Pal* and Lul*
(Figure 5) and the PSD function obtained by Monroy et al.
(2010) for reconstituted brown weathered London clay
(Figure 4), BWL* in Figure 5, whose fabric is characterized by a
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Figure 10. Comparison of PSD curves for Pal*, Lul* and BWL*,

after compression in consolidometer (data for London clay after
Monroy et al., 2010; modified after Guglielmi et al., 2024).
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recognizable degree of orientation as well (Monroy et al., 2010).
Lul* is characterized by a less regular PSD than both Pal*
and BWL*, with a larger DPS ~ 1000 nm, probably as a
result of both its slightly coarser composition and the less
oriented fabric, achieved by / = 0. The other two specimens,
of similar CF, A and high degree of orientation, embody a
markedly mono-modal PSD, with a DPS <1 um, in the range
of the micro-porosity (Matsuo & Kamon, 1977), and a limited
macro-porosity, distributed over a wide range of entrance
pore sizes (data from Guglielmi, 2018; Guglielmi et al.,
2018). The slightly higher value of DPS of BWL* may be
due to its lower compression with respect to Pal*. On the
whole, with 1D compression the increase in the degree of
fabric orientation is found to be accompanied by the onset
of a more regular and monomodal pore size distribution, as
well as a reduction in the DPS (Figure 10). The DPS tends
to correspond to the porosity present within the stacks, as
recognized by Guglielmi et al. (2024) through the micrograph
inspections. Hence, these results enhance the previous
knowledge about the changes in PSD of clays under 1D
compression (Delage & Lefebvre, 1984; Lapierre et al., 1990;
Tanaka & Locat, 1999; Hattab & Fleureau, 2010; Hattab et al.,
2013), indicating that both the inter-aggregate and the
intra-aggregate porosity change with compression.

While all the micro-scale data discussed above refer to
reconstituted clay specimens at the end of compression in the
consolidometer, further fabric evolution in 1D compression has
been investigated through micro-analyses on clay specimens
of GoG*, Pa* and Lu* compressed to higher pressures in the
oedometer (GoG1*, GoG2* and GoG3*; Lul* and Lu2*;
Pal*, Pa2*, Pa3* and Pa4*, Figure 5).

The PSD (Figure 11a) and SEM data for both GoG2*
(c¢', = 200 kPa) and GoG3* (', = 1000 kPa) have been
reported by Hattab et al. (2013). These confirm that 1D
compression reduces the inter-aggregate DPS both in size
and frequency, while the medium scale orientation of the
particles increases (Hattab et al., 2013). An increase in fabric
orientation is observed also by Hicher et al. (2000) based
upon SEM micrographs of both kaolinite and bentonite slurry
compressed to 1 MPa and = 6 MPa, respectively.

1D compression of Lu*, from Lul* at /, = 0, to
very high pressure, Lu2*, is found to change the initial
irregular PSD curve of Lul* into a neat monomodal curve
(Figure 11b), with an intra-aggregate DPS which undergoes
a major decrease with compression to high pressure.
Therefore, the data confirm that compression first causes
the collapse of the inter-aggregate porosity, but further on
it causes the reduction in size of the intra-aggregate DPS.
Since the DPS occurs within the stacks (Guglielmi et al.,
2024), 1D compression to high pressures is found to cause
volumetric straining of the stacks.

Figure 11c shows that the compression of Pa* from
Pal* to Pa2* and Pa3* at high pressures (Figure 5),
also causes the shift of the DPS towards lower pore
sizes, i.e., reduction of the intra-aggregate pore sizes.
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Figure 11. Evolution in 1D compression of PSD curves of
reconstituted clays: Gulf of Guinea (a), Lucera (b) and Pappadai
(c) (states in Figure 5; data from Guglielmi, 2018; modified after
Guglielmi et al., 2024).

Furthermore, Cotecchia et al. (2019) also show that Pa*
clay fabric compressed from Pal* to Pa4* at ¢’ =22 MPa
(Figure 5), is characterized by an index of micro-REV
fabric orientation L = 0.24 (Figure 12), which is about that
measured for specimen Pal*. Hence, 1D compression is
found to determine the onset of a high degree of micro-
REV fabric orientation quite early beyond / = 0, but its
continuation up to high pressure does not determine any
significant further increase in such orientation degree,
which is found to remain constant.

This observation is consistent with the recognition
that the particle orientation does not become ubiquitous
through 1D compression, since layers of bookhouse
fabric are found preserved even at very large pressures,
as shown in Figure 12, sketched in Figure 3d-ii and
discussed by Guglielmi et al. (2024). All the changes in
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Figure 12. Compressed reconstituted Pappadai clay, Pa4*
(Figures 2 and 5): medium magnification micrograph (with examples
of different local fabric arrangements) and index of fabric orientation
(modified after Cotecchia et al., 2019).

reconstituted clay fabric and PSD characterized through
the data presented above are synthesized in the framework
shown in Figure 13.

6. Compressions at different stress ratios, n

Figure 14 shows SEM micrographs resulting from
the micro-scale investigation programme performed on
reconstituted Lucera clay and quoted in §4.2, which has
been extensively presented by Mitaritonna et al. (2014).
The micrographs refer to clay specimens subjected to the
different constant 1 compressions shown in Figure 6 and, for
each of them, the figure shows also the direction histograms
resulting from image processing and the corresponding index
of fabric orientation L.

The SEM micrographs are representative of many others
acquired in the investigation of the medium scale fabric features
of the clay, i.e. of the micro-REV clay fabric, after loading to
the stress states A, B, C and D in Figure 6. In particular: A refers
to the state of the reconstituted clay 1D consolidated (n = 0.6)
to 6’ =100 kPa in the consolidometer; B to the state achieved
by the same clay when, after 1D consolidation to state A, is
further 1D compressed (constant ) = 0.6) up to p "= 1400 kPa;
C to the state of the clay, initially consolidated to state A, and
thereafter compressed at constant = 0.3 up to p*= 1400 kPa;
D to the state of the clay initially consolidated to state A, and
thereafter compressed at constant ) = 0.8 up to p "= 350 kPa.

The SEM data for both specimens A and B (Figures 14 aand b)
confirm that the micro-REV fabric achieved in 1D compression
to /> 0 is formed of sub-horizontal stacks of domains inter-
layered with trusses of domains (bookhouse-like), as sketched
in Figure 13; hence this fabric is not uniform at the large scale.
Also, the direction histograms corresponding to states A and
B confirm that the index of fabric orientation, L, becomes
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Figure 14. Micro-REV fabric of reconstituted Lucera clay after different | compression tests and corresponding direction histograms
and indices of fabric orientation (Mitaritonna et al., 2014).

high in 1D compression by / = 0, or slightly beyond (in this ~ compression to high pressure does not increase such degree of
case about 0.28), and that further yielding of the clay in 1D orientation. The micro-scale observations achieved for the clay
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fabric after different constant 1 compressions beyond gross
yield, instead, show that the fabric features change with 1.

Figure 14c shows that the initially oriented fabric,
corresponding to state A in Figure 6 (Figure 14a), experiences a
severe rearrangement into a far less oriented one when brought
to yield and further normally compressed at 1 = 0.3 up to
p’=1400kPa, as demonstrated by the drop in L to~0.13 for
state C in Figure 6 (Figure 14c). Such a drop in L makes the
fabric in C be classified as random (Martinez-Nistal et al., 1999).
Instead, Figure 14d shows that the oriented fabric at state
A experiences an accelerated increase in fabric orientation
when further compressed under 1 = 0.8, so that the index
of fabric orientation L attains a very high value, 0.37,
at p’ = 350kPa (state D in Figure 6).

It is worth highlighting that the data from Mitaritonna
et al. (2014) portray the change in fabric orientation that
can be achieved by a medium density reconstituted clay
(1D compressed to p’ = 70 kPa), through a three times
increase of p’ imposed at a constant 1 different from the
initial one. Consistent results have been achieved by Hattab
& Fleureau (2010) for initially 1D consolidated reconstituted
kaolinite, which is found to achieve a more random fabric
through isotropic compression to a p’ over 12 times the
initial one. The behaviour of reconstituted kaolinite under
isotropic compression was also investigated by Hicher et al.
(2000), who found that the increase of p’ of about 3 times
in isotropic conditions generates a rather isotropic particle
orientation for an initially oriented fabric. Sivakumar et al.
(2002), instead, claim that kaolin specimens consolidated
isotropically from slurry to p’= 500 kPa retain evidence of an
anisotropic microstructure; however, this may be due to the
far larger pressures which are required to generate a change
in fabric degree of orientation by changing 1. The different
micro-REV fabrics found to be achieved by reconstituted
clays under different constant  compressions are sketched,
form,,and n,, in Figure 13. Further micro-scale investigations
are still required to assess the reconstituted fabric changes
over small p’ increases after the change in 1.

Data are available also about the PSD changes taking
place in the clay when moving from a constant nNCL to
another one. Hattab et al. (2013) report microstructural
analyses of reconstituted GoG clay after isotropic compression
starting from state GoG1* (Figure 5). Figure 15 (data from
Guglielmi, 2018) shows the PSD changes occurring with
isotropic compression to GoG*, , by comparison with the
PSD changes achieved through 1D compression to GoG3*
(Figure 5). For the two specimens, compressed from the
same initial state, the volumetric strain ¢, induced by
further compression is calculated by Hattab etal. (2013) and
reported in the figure. A mild bimodal PSD is still preserved
in the 1D compressed state GoG3*. Conversely, despite the
volumetric strain in either the isotropic (¢, = 30%) or the
1D (g, = 32%) compression being almost the same, a larger
change in PSD is observed in the isotropic case, for which
the inter-aggregate porosity is reduced, and the PSD changed
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Figure 15. Comparison of PSD curves after isotropic (GoG*__)
and 1D compression (GoG1* and GoG3*) for reconstituted GoG
clay (states GoG1* and GoG3* in Figure 5; data after Hattab et al.,
2013); modified after Guglielmi et al. (2024).

from bimodal to monomodal. This PSD change is achieved
despite micrographs of the isotropically compressed specimen
revealing that fabric orientation is still locally preserved.

7. Summary of the findings

From the above data the following findings can then
be extracted:

- Medium-low to high activity clay particles, within a
slurry settling at high 7 (> 0; liquidity index L/> 1)
in 1D conditions, tend to aggregate according to a
repetitive card-house to bookhouse mode (Figure 3¢),
with a separation between distinct aggregates, which
results in a honeycomb fabric (Figure 7f), increasing
the higher the clay activity index is. Hence, medium
to high plasticity reconstituted clays achieve a low
orientation micro-REV fabric, of honeycomb type
(Figure 7f) at early stages of compression, with
L << 0.2 and significant inter-aggregate porosity
(major DPS = 1um). However, the PSD is bimodal for
high plasticity clays, since the most active particles
(e.g., the smectite fraction) allow for the presence
of a far lower DPS within the aggregates, whereas
this is not the case for the less active clays.

- When the clays are consolidated under 1D compression
towards / =0 (¢’ = 100 kPa), a progressive reduction
of the inter-aggregate porosity of the honeycomb
fabric and a reduction of the macro-porosity for
either the overall card-house, or bookhouse, fabric
of'the less active clay occurs; in both cases the larger
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pores, of size about 1 um, are reduced in size and the
clay PSD heads towards a monomodal PSD, with
DPS in the range of the hundreds of nm. Such a
process is associated with an increase in the degree
of orientation of the micro-REV fabric. This appears
to result from the piling up of face-to-face contact
particles, or domains (Figure 3e), within stacks,
which tend to acquire a sub-horizontal orientation.
For the originally honeycomb fabric, it can be
observed that there are inter-aggregate bridges which
first contribute to the collapse of the inter-aggregate
porosity and which tend to adhere to the stacks.
However, such a more orderly fabric is still of low
average orientation by / = 0 (Figure 13).

- With increasing ¢’ , below / = 0 the micro-REV
fabric achieves an increasing orientation degree at
a rate dependent on the plasticity index. Further 1D
compression generates further reorientation of particles,
which coalesce with the stacks or form new ones, as
sketched in Figure 3d-ii and Figure 13. Part of such
an orientation process contributes to the thickening
of the sub-horizontal stacks.

- Despite such an orientation process, original bookhouse
fabric portions are preserved. Hence, the orientation
of the particles under 1D compression is not at all
ubiquitous, also for /, << 0 (Figure 13). Evidently, the
inter-particle forces within the preserved bookhouse
portions, which are largely of either electrostatic,
electromagnetic, or chemical nature, resist the
mechanical action, so that these aggregates act as
a whole mechanical fraction, undergoing straining
(volumetric and shear), but keep the random fabric.

- At the same time, the achieved monomodal PSD of
the clay undergoes an evolution characterized by a
reduction in both the frequency and the size of the
DPS, due to a reduction in porosity of the stacks and
of the random fabric aggregates which are preserved
(see sketch in Figure 13).

- Possibly further orientation of particles may occur
with further 1D compression to high pressures, and
the additional oriented particles are likely to adhere
to and thicken the stacks (Figure 3d-ii). However,
the micro-REV fabric orientation degree, L, is found
to reach a threshold value and not increase above
it. Such an important finding may be justified if a
different deformability between the stacks and the
flocculated fabric portions, preserved between the
stacks, is accounted for. Indeed, the reduction in
size of the intra-aggregate pores, occurring with
1D compression, may be expected to be higher
within the stacks than within the bookhouse fabric
portions, due to the higher inter-particle forces in
the bookhouse fabric. Consequently, the straining
of the stacks compensates their thickening due to
further particle orientation and the proportion of
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the micro-REV fabric having a very high degree of
orientation is not found to increase when inspecting
the medium magnification micrographs (i.e., the
ratio between the size of the stacks and the size of
the bookhouse fabric portions in the medium scale
fabric analyses remains reasonably constant).

- No micro-scale observations are available for the
fabric changes generated by lower 1 compression
(e.g., isotropic) of a reconstituted clay fabric 1D
consolidated to / > 0. However, MIP data for high
I, clays compressed isotropically have shown that
the reduction in 1 leads to a faster collapse of the
inter-aggregate porosity with respect to higher
n compressions. Indeed, a n decrease affects the
inter-aggregate voids sooner.

- Withregard to the fabric changes caused by different
constant 1 compressions of a medium dense 1D
consolidated clay, Mitaritonna et al. (2014) show
that, starting from / = 0, the change in 1 results in
significant variations in fabric orientation if the clay
is compressed to medium-high pressures.

8. Preliminary conclusions about the modelling
implications of the micro-scale data

The results discussed above represent a database useful
for the progress of the research line b in Figure 1, aimed at
the modelling of the micro-scale processes in clays for the
prediction of their macro-response. In particular, since the
findings summarized in §7 refer to reconstituted clays, they
represent fabric settings which should be achieved through
the micro-scale modelling for medium to high plasticity clays
of stable bonding, as is the case for the clays sedimenting
either in the laboratory consolidometer, or in situ in a high
energy deposition environment. Furthermore, the clays should
achieve initial consistency under initial 1D compression.
Figure 13 reports the framework of the micro-scale findings
of reference for such micro-scale modelling.

The micro-scale findings in §7 represent also a database
useful for the research line a in Figure 1, aiming at relating
the clay macro-behaviour predicted through constitutive
laws formalized in the framework of continuum mechanics,
to the micro-scale processes. In the following, some of the
indications provided by the summarized findings are briefly
discussed.

First, the fabric changes taking place in the clay when
undergoing constant j compression (illustrated in Figure 13)
provide reasons for the occurrence of the normal consolidation
line of reconstituted clays under isotropic compression (=0),
INCL*, to the right of that followed in 1D compression,
K /NCL*. In other words, the micro-scale observations justify
why the intercept of the INCL*, N*, is higher than that of the
K ,NCL* N, *. It can be recognized that the less oriented fabric
developing through isotropic gross yielding, within which
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particles and domains are largely in edge to face contact, is
consistent with a less deformable material under increasing
p’than that embodying a more oriented fabric, such as that of
the clay gross yielding in 1D compression. As a matter of fact,
the edge to face inter-particle forces of the less oriented fabric
developing with isotropic yielding, resists more the external
mechanical actions (more limited straining) than the face to
face forces within the stacks present in the 1D compressed clay.
It can be argued that the smaller the difference in fabric
between the clay subjected to isotropic gross yielding
and that subjected to 1D gross yielding, the smaller is the
difference [N* - N*, 1.

Mitaritonna et al. (2014) provide evidence that the high
degree of orientation that the reconstituted clay achieves
through 1D compression gives rise to directional properties
at the macro-scale. They report measurements of the elastic
stiffness anisotropy ratio, G,,/G, , of reconstituted Lucera
clay achieved by means of T-shape horizontal bender
element tests (Dyvik & Madshus, 1985; Pennington et al.,
1997; Mitaritonna et al., 2010), performed all the way
through the tests shown in Figure 6. The values of G,,/G,
measured during the radial stress paths in Figure 6 are
plotted versus p’ in Figure 16. It can be seen that in 1D
compression, at = 0.6, a constant stiffness anisotropy ratio
G,/G, = 1.12-1.13 (Figure 16) is found to correspond to
the constant degree of fabric anisotropy assessed through
the micro-scale investigations (Figures 14a, b). Hence, the
steady orientation degree, L, measured during the n = 0.6
compression is consistent with the constant value of the
anisotropy degree G, /G, =1.11 recorded at the macro-scale.
Such finding confirms that the micro-REV fabric features,
rather than the large-scale fabric features, control the clay
macro-behaviour and that the elastic anisotropy of the
clay is generated by the high degree of orientation of the
micro-REV fabric, irrespective of the local poorly oriented
fabric aggregates present in the highly oriented medium
scale fabric. Furthermore, Mitaritonna et al. (2014) find
that the elastic stiffness ratios either decrease, or increase,
depending on the imposed stress ratio n (Figure 16), and
reach different constant G,,/G, values at p’ about four
times the initial one (p’ = 70 kPa).

These observations indicate that the clay has to be
compressed well beyond gross-yield in order to acquire
constant directional properties which, evidently, depend
on the achieved constant degree of micro-REV fabric
orientation, L, which in turn depends on 7. In particular,
compression paths at 1 lower than the initial = 0.6 (n=0,
or 0.3), induce a permanent reduction in the degree of
elastic anisotropy, leading to G,,/G, =1.05 forn=0.3 and
about 1.01 for n=0. The isotropic loading to high pressures
appears almost to erase the initial directional properties of
the clay. In contrast, the elastic anisotropy ratio increases
up to 1.22 in the clay compressed at 1 = 0.8. Also, the data
show that a change in degree of shear stiffness anisotropy
requires significant plastic straining, as a small amount of
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Figure 16. Anisotropy ratio G,,/G, plotted against mean
effective stress for different n compression tests (modified after
Mitaritonna et al., 2014).

irreversible deformation under the new 7 is not sufficient
to modify the previously acquired directional property to
a significant extent.

Mitaritonna et al. (2014) report, for reconstituted
Lucera clay, the plot of G, /G, — n,° along with the
corresponding L values. The corresponding plot relating
the degree of micro-REV fabric orientation, L, achieved
through the constant n compressions is shown in Figure 17a.
Accordingly, Figure 17b formalizes a monotonic increase
in G, /G, with L, evidence of the dependency of the elastic
cross-anisotropy of the clay on the micro-REV degree of
orientation. Therefore, the research results show that the
directional elasto-plastic coupling made evident by the plot
in Figure 16 is due to the micro-REV fabric changes taking
place in the clay with gross yielding, as shown by the relation
between G,,/G, and the microfabric constitutive parameter
L(sij”) in Figure 17b.

Since the data validate the dependency of the variation
in elastic anisotropy ratio on the variation in fabric orientation
at the micro-REV scale (Figure 17b), the observation that
the elastic anisotropy ratio varies slowly after the change
in compression stress ratio 1, shown in Figure 16, in turn
suggests that the variation in the degree of fabric orientation,
L, takes place slowly after the change in . It may be envisaged
a chaotic fabric change taking place soon after n| variation,
followed by a progressive fabric evolution heading towards
a new constant fabric orientation, L (Figure 17b). At the
same time, the MIP data discussed in §6 suggest that the
change in 1 impacts sooner the PSD (faster for isotropic

¢ See Figure 14 in Mitaritonna et al. (2014).
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Figure 17. Anisotropy ratio G, /G, against: stress ratio n (a) and micro-REV orientation index L (b).

compression versus 1D compression) than the micro-REV
fabric orientation, L. The findings concerning the micro-REV
fabric orientation degree and the PSD features for each
constantn compression of the clay at/ <0, i.e.: L(y) reached
in constant n compression after a significant amount of
plastic straining at constant 1, and the monomodal PSD with
reducing DPS, are schematized in Figure 13.

The findings sketched in Figure 13 can be of reference
in the selection of new microfabric constitutive variables
for clays of stable bonding, like the reconstituted clays, to
be implemented in advanced constitutive laws accounting
for the micro-scale processes which determine the clay
macro-behaviour (research line a-ii in Figure 1; e.g., Rollo &
Amorosi, 2022). In particular, useful microfabric constitutive
parameters appear to be: the micro-REV fabric orientation
index, L(#), or L(sij" ') if accounting for the transient stages of
evolution of L; the corresponding angle of orientation e(sl_j_P );
the PSD function and the DPS(aijP ) function.

Meanwhile, still concerning the research line a-i
in Figure 1, the steady degree of fabric orientation, L,
and the monomodal PSD characterizing the micro-REV
fabric of reconstituted clays during plastic straining under
constant | compression (Figure 13), justify the success of
the normalization for volume (through p_*(e)) of the shear
response of reconstituted clay specimens all compressed along
the same radial stress paths (constant 1; e.g., Figure 6). Such
aresponse is exemplified in Figure 18. The micro-scale data
show that, when the clay undergoes constant 1) compression
from/,=0to/ <<0, its micro-REV fabric reaches soon a stage
in which the only fabric feature undergoing major changes
with constant 1 compression is the DPS of a monomodal
PSD, since L and 6 remain constant. This occurs for any 0
(Figure 13). Therefore, the reduction in clay void ratio, e,
with no significant change in L is the possible reason why
e is the main internal variable of the plastic hardening of
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Figure 18. Schematic representation of undrained shear paths after
different n compressions.

reconstituted clays (Rendulic, 1936; Roscoe et al., 1958;
Henkel, 1956) and isotropic volumetric hardening applies
when yielding takes place under constant n (e.g., the Cam
Clay models; Schofield & Wroth (1968); Roscoe & Burland
(1968); Figure 18).

However, since the steady degree of micro-REV fabric
orientation reached at constant 1 varies with 1), the differences
in clay stiffness and stiffness anisotropy among the specimens
compressed at different constant n make their stress-strain
response to shearing vary with 1. It may be envisaged that the
higher is the variation of L with changing n, the less the shear
response of the clay complies with the Rendulic principle’.
Accordingly, it is likely that the Rendulic principle, i.e., the
successful normalization by p_*(=el*"/*"1) of the stress paths
of specimens sheared after different  compressions, suits the
shearing behaviour only of a family of specimens, including

’ For instance, the reader is referred to the normalization by p° of
shear paths of either isotropically or 1D consolidated specimens
of reconstituted Pappadai clay, as shown by Cotecchia et al.
(2011) in their Figure 20.
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1D compressed specimens and specimens isotropically
compressed, for which compression has not been such as
to determine significant variation in fabric orientation, L.
However, reaching a common critical state at the end
of shearing of specimens compressed under different 7 is
justified by the major fabric changes caused by shearing to large
strains, which causes very high degrees of fabric orientation
(function L(n); see L values for high 1), irrespective of the
original consolidation fabric (Guglielmi et al., in press).

Declaration of interest

The authors have no conflicts of interest to declare.
All co-authors have observed and affirmed the contents of
the paper and there is no financial interest to report.

Authors’ contributions

Federica Cotecchia: conceptualization, methodology,
validation, writing - reviewing and editing. Simona Guglielmi:
conceptualization, investigation, data curation, validation,
writing - reviewing and editing. Francesco Cafaro: investigation,
validation, reviewing. Antonio Gens: supervision, validation,
reviewing & editing.

Data availability
The datasets generated analyzed in the course of the
current study are available from the corresponding author

upon request.

List of symbols and abbreviations

DPS dominant pore size

G, /G, elastic stiffness anisotropy ratio
I void index

e void ratio

e, void ratio at liquid limit

w water content
A clay activity

C swelling index

A swell sensitivity
CF clay fraction

ICL intrinsic compression line

L index of fabric orientation

w, liquid limit

MIP mercury intrusion porosimetry
OCR  overconsolidation ratio o, /¢’
w, plastic limit

PSD  pore size density function

S stress sensitivity

S degree of saturation

SCL sedimentation compression line
SEM  scanning electron microscopy

YSR  yieldstress ratio o’ / 0",

n stress ratio

o*, equivalent vertical effective stress on the ICL
, vertical (geological) preconsolidation pressure

o’ vertical effective stress

o’ vertical effective stress at yield
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