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The GDRI (Groupement De Recherche InternationaNBeh was created in January 2016,
in the immediate aftermath of the GDR MeGe. Fore@rg, the GDR assembled the main
French research groups involved in the broad fiélgeomechanics, with a special focus on
environmental applications.

Benefitting from different collaborations and cootens that the partners had developed
with foreign academic and research institutiongyas a natural step to extend the network to
an international level. The goal of the new netw@BDRI) is thus to promote the research
possibilities of the French community in geomecbarand to strengthen its national and
international visibility.

Today, the GDRI GeoMech is composed of more tham@%ners from many countries
including Netherland, Italy, Spain, Canada and &hin
Within the existing community working on Multi-Phgs and Multiscaled Couplings in Geo-
environmental Mechanics, the main lines of researeh

— Catastrophic failures and triggering mechanisms
— Safety of storage reservoirs
— Energetic geomechanics.

The aim of the GDRI is to collect and to shareestat the art research information on
geomechanical subjects by extending internatioobédlgorations through the organisation of
bi-annual international scientific meetings andeottelated events.



In this context, the first international workshomanised in Nantes (France) presented the
following programme:

Multi-scaled approaches towards degradation, damagand
aging in geomaterials (soil, rock, concrete)

The durability of geostructures, be they naturssor constructions in the environment, and
of civil engineering materials and structuresratjuire a scientific approach which takes into
account the coupling of multi-physical phenomena, thermo-hydro-chemico-mechanical
coupling, at different scales. As time evolves, phecesses of aging in a material at the nano
or micro-structural scale will have an impact oa thechanical behaviour of the structures at
their elemental scale. The aim of this workshop warefore to confront experimental
approaches, theoretical developments and multedaalmerical methods.

With a focus upon the microstructure of naturalenats such as soils and rocks as well as
man-made materials such as cement, a special faass given to the mechanisms of
degradation, the onset and development of damdigef, @hich can lead to the propagation
of fractures within quasi fragile materials, andthe erosion of geotechnical constructions
under the effect of the circulating pore fluids.

With more than 50 attendees, coming from 7 differ@untries, and 22 oral presentations
giving rise to extremely stimulating discussiorss tfirst international workshop was a real
success.
In acknowledgment of their organisation of this myehe directors of the GDRI GeoMech
would like to express their high gratitude to Pssfars Pierre-Yves Hicher and Frederic
Grondin.

The following set of extended abstracts constitiasup-to-date picture of the research
activities of the GDRI, spanning the different gsabf interest from the elementary grain to
the structures.

This piece of work will contribute to an excelleptomotion of the GDRI over the
forthcoming years!

Olivier Millet & Francgois Nicot
Directors of GDRI GeoMech
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Degradation of coarse granular aggregates
E. E. Alonso and M. Tapias

Civil Engineering School, UPC, Barcelona
eduardo.alonso@upc.edu

Introduction. Lessons from simple tests

A fundamental mechanism capable of explaining thess-strain-time behaviour of gravels
and rockfill is the breakage of particles undereexal stress and the subsequent re-
arrangement of the granular structure. When thereat stress increase or, equivalently,
when the irreversible work input increases, théahgrain size distribution evolves towards
stable configurations. This phenomenon was illtstrdy the results of oedometer tests on a
singular coarse granular material: an aggregatfosugar cubes. Their regular geometry (a
parallelepiped) allows preparing samples of wid#fferent void ratios. The cubes are made
of welded saccharose crystals having mean dimensibthe order of 1 mm. Therefore, the
samples tested are an example of a gap-gradediahatade of two different sizes: the sugar
cube (27.4 x 17.6 x 12.2 mm) and the sacchaross&tatrywhen testing in the oedometer
samples of widely different void ratios (e=0.78;,0et8) under vertical stresses of 400-600
kPa, a most unexpected result was to obtain a cangran size distribution (gsd) (Figure 1).
Moreover, the final gsd was a combination of twedchded’ curves, each one of them
starting at the initial grain size of the two ‘peles’ defining the aggregate: the ‘big’ sugar
cube and the small saccharose crystal.

The results highlight the relevance of a final gidactor, which is independent of the initial
soil structure even for extremely different gram@erangements.
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Figure 1. Grain size distributions at the maximuartical stress of two samples of sugar cubes.

The set of tests performed (Tapias et al, 2016)alss useful to reach other conclusions very
relevant for the understanding of breakage mechan&nd its effect at the larger scale of
aggregates of individual particles.
They are summarized as follows:
 Two breakage mechanisms are identified: local engshround contacts and particle
splitting
* A unified breakage mechanism explains load-indwetitime-induced gsd evolution.



Suction controlled oedometer and triaxial tests ogravels

Oldecop and Alonso (2001); Chavez and Alonso (2@0f) Alonso et al (2016) describe a
series of large diameter (25 cm — 30 cm) oedoneatdrtriaxial tests on two lithologies: a
guartzitic slate used in the construction of Lech&@pam (Alonso et al, 2011) and a hard
limestone ballast-like aggregate. Figure 2 shoves résults of multistage triaxial tests on
compacted limestone gravels equilibrated at twafRed Humidities, RH = 100% and RH =
50%. The plots show the relevance of volumetri¢dyng and the shape of the yield locus in
[p=(01+203)/3; q=03- 03] triaxial space. Note also the effect of appliedt®n to enhance the
dilatant behaviour of this soil. The rest of tgs¢sformed revealed a few additional features
of rockfill behaviour:

» Isotropic yielding (cap) is very significant

e Critical states are difficult to find

* RH controls the stress-strain-time behaviour
» Scale effects are very significant
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Figure 2. Incremental plastic strain vectors meagim multistage tests on compacted limestone

gravels.

DEM Modelling

DEM is a useful tool to gain understanding of rdtkfeformation. It may be viewed as a
virtual laboratory because it may realistically slate the number of particles (and their
divisions) involved in laboratory testing of grawide materials. Tapias et al (2015) describe
a DEM model based on the following ideas:
» Particle geometry is approximated by ‘clumps’ dfiepcal particles
» Particle breakage is introduced through fractureharics concepts. Particle breaks
when an existing crack propagates. The velocitgropagation is a function of crack
size, water energy, time and stress state. Imthisner, long-term deformations, water
and scale effects are automatically accounted for.
* Two analytical solutions are introduced at partleeel:
0 The stress distribution inside the particle (Russatl Wood, 2009)
o0 The propagation of crack in a disk under Mode bilenfracture (Oldecop and
Alonso, 2007)
* A breakage protocol distinguishing local breakage particle splitting is defined.



Model predictions were compared with suction cdtet oedometric and triaxial tests in
Tapias et al (2015).

Figure 3 shows a comparison between calculatiors @formations measured in an
oedometer test for a sequence of increasing loastigygs. The initial loading sequence was
performed under dry conditions (RH = 10%). The Ifistap is a full wetting under a vertical
confining stress of 2.8 MPa. Sample collapse i$ eagtured by the model.

Figure 4 illustrates the capability of the DEM mbtte reproduce size effects. It shows the
compressibility index in terms of the mean diamefgparticles. Some test results for particle
sizes in the range 1.5 — 4 cm are also shown ipltite The model rightly predicts an increase
in compressibility with particle size.
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Figure 3. Simulation of oedometer tests.
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Figure 4. Size effects. Experimental vs. DEM result

The DEM model developed captures most of the featobserved in testing coarse granular
aggregates. It only requires a small number of ttioise parameters: contact stiffness,

contact friction and particle toughness, which alleamenable to laboratory determination.

Advances in the characterization of particle geoynahd the protocol of particle breakage

would hopefully increase the accuracy and capasliof the model developed.
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The stress-strain behaviour of granular materials
at the meso-scale

X. Lit?

! Faculty of Engineering, University of NottinghaNgttingham, UK
2 School of Civil Engineering, Southeast Univerditgnjing, China
Email: xia_li@hotmail.com

Introduction

Granular materials are assemblies of discrete ghestiinteracting with each other and
displacing themselves by contact sliding and plartiotation. They demonstrate a wide range
of interesting phenomena, such as memory effelftpgganisation, etc. Over time, extensive
laboratory investigations have been carried out, @agood description of the experimental
data on the stress-strain behaviour of granulaenads may be found in Hicher, 1998.

The mathematical formulation of their stress-stregtationship is evidently challenging.
Macroscopic approaches treat a granular materialaomacro-scale as an equivalent
continuum, and study its constitutive relationshiptween macro-quantities (stress and
strain), while microscopic approaches consider rnt & micro-scale as an assembly of
individual particles interacting with each othehaxre the physical quantities under study are
forces and displacements. Both approaches havéols@ynificant achievements in the last
few decades. Following other research work ontthyéc, this paper studies the macro-micro
relations so as to connect the findings from the $eales.

(a) The solid cell system; (b) The void cell system.

Figure 1. The solid and void cell systems for gtanmaterials (after (Li and Li 2009))

Homogenisation theory

Microstructure has long been identified as the kegsing factor in the mathematical
formulation. Following Satake’s graph theory (Satél985) and Bagi’'s duel cell system
(Bagi 1999, Li and Li 2009) proposed the tessa@tasystems, including a solid cell system
and a void cell system, by a modification of therdfmi-Denaulay tessellations based on
contact points, which serve as the mathematicalrge®n of material internal structure. The
proposed algorithm is valid for both the two dimenal and the three dimensional granular
materials, although only two dimensional resulisgiven in Fig. 1 for simple illustration.



Building upon the description of the material imt@r structure, researchers have sought for
the linkages between the classical continuum mecbamriables, stress and strain, and the
particle-scale quantities, contact forces and gartlisplacement, to improve understanding
of the complicated macro scale material behavimmfparticle-scale interactions.

The expression of the stress tensor in terms ahitso counterpart, the contact forces, has
been well established under static conditions & bifiersen 1981, Rothenburg and
Selvadurai 1981, Bagi 1996, Kruyt and Rothenbur@6)9Li, Yu et al. (2009) derived, based
on the basis of Newton’s law of motion, that inteess field uniform on the macro scale,
denoting the solid vector™ = X" - x° as the vector from the contact poihtto the particle

centre P, and f™ as the contact force acting on partiBl@t the contact poin€, the stress
tensor can be expressed as

5=y SN SR @
The expression is different from the conventionadression with the additional terth ., R’
due to particle rotation.
The linkage between the strain tensor and the gartlisplacements is more versatile,
including the micro-structural expressions basedgeametrical description of the internal
structure (Bagi 1996, Kruyt and Rothenburg 1996h#Kd999, Satake 2004) and the best-fit
results corresponding to the smallest deviatiomftbe characteristic displacements of the

system (Liao et al., 1997; Cambou et al. 2000).0&erview and comparison of different
micro-structural strain expressions were given agiB2006). By defining a complementary

area vector X" =g h"y" /12, where @, is the permutation tensor, angcis an area-like

variable determined from the positions of the confeint ¢ relative to the void cell center
and the surface center, Li, Yu et al. (2009) detittee 3D micro-structural expression of the
displacement gradient tensor:

Z DIDIP 4 i (2)

MD\/ LOM dJIL
of which the micro-structural expression of thestrtensor can be obtained by considering
the symmetric part. In 2D space, the void cellsetiegate into polygons. Eq. (2) becomes
ray 1 C C H H c c . - . .
§ == > x"Ay” in which x" =¢u". The expression is similar to the results of Kruyt

MLV dIM

and Rothenburg (1996).

Micro-scale interpretation of material strength

To explore further the micro-mechanisms of granuleaterials, a series of numerical
experiments using the Discrete Element method (@lurahd Strack 1979, Cundall and
Strack 1983) has been conducted to study how thtclpafriction coefficient affects the
material stress-strain responses (Li 2017). Examirthe statistical feature of the solid
vectors and the contact forces, Li (2017) demoteirghat the following simplified form of
the stress-force-fabric relationship gives almasicé matches to the continuum-scale stress:

o’NP

Ty = W [(1+h)5 +G' +5 q} (3)



where ¢/ is the particle coordination numbeNP is the number of particlesy is the

directional average of mean contact vector &nis the directional average of mean contact

force, ¢ reflects the statistical dependence between comators and contact forces, ahd
is a scalar accounting for the contribution frore fhint products which increases slightly

from O to around 0.01 during shearin’@,-f and D; are the direction tensors for contact force

anisotropy and contact normal density, respectivEhese are the key contributors to stress
anisotropy, plotted in Fig. 2. No matter what tlaetigle friction coefficient is, the anisotropy
in contact force is of similar magnitude as thetaohnormal anisotropy, which is better
shown when the two anisotropies are plotted agaasth other, although the reason is not yet
known.
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Figure 2. Micromechanical contributors to matesiaéngth: (a) contact normal anisotropy degree
and (b) contact force anisotropy degree

Meso-scale observation of internal structure and ntarial strain

With different particle friction coefficients, thaternal structures formed from a deposition
process are evidently different as shown in Fign &rms of the void cell system, where the
colour scheme indicates the void cell area

4, =0.0

Figure 3. The void cell system

Take the configuration when the void cell systernaestructed as the reference undeformed
configuration. The relative displacements occurrihging the subsequent 0.5% deviatoric
strain increments are extracted from the DEM sitbs and used to calculate the



displacement gradient tensor of each void cell es pg. (2). Fig. 4 shows the local
displacement gradients of each void cell when @mapde was sheared from 15 to 15.5%
deviatoric strain.
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Figure 4. Spatial distribution of non-affined defation gradient

The four components of non-affined displacemendligra tensor, defined as the deviation of
the local strain from the sample average displacérgeadient tensor for the sample with a
friction coefficient 0.5, are plotted in Figs. 4{a). Localised banding structures are observed
where the strain is much more significant than withe remaining areas. This is similar to
the observation made in Kuhn (1999) that slip defdron was most intense within thin
oblique micro bands. Different from the periodiaubdaries used in Kuhn (1999), the sample
boundaries are rigid walls that impose a uniforsptiicement gradient field. These banding
structures do not persist during shearing. Subsegloading continuously destroys the
existing banding structures and promotes the faomabf new bands in other locations.
Although certain banding features are commonly oiegkin the four plots, the patterns for
the two shear-strain components are observed thffeeent from those for the two normal-
strain components.

Concluding remarks

Due to its ubiquitous existence in nature as getenads, the study of granular materials has
attracted long-term interest and efforts, and haseasingly been promoted by recent
developments in numerical simulation capacitiesl particle-scale experimental techniques
(Wakabayashi 1957, Drescher and De Josselin de @@y Hall, Bornert et al. 2010). This

paper has summarised the homogenisation theory pnedented the particle-scale

observations guided by the homogenisation thedriga$ demonstrated clearly that internal
structures formed by granular particles with diéferfriction coefficients are different and the
micro-banding structure, when the sample is shedrad been evidenced. The formation,



characteristics and impact of this strong straitetogeneity is an interesting area for future
research work.
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Numerical modelling of geotechnical problems baseon a static
micromechanical approach

C. Zhao, Z.Y. Yin and P.Y. Hicher

Ecole Centrale de Nantes, UMR CNRS GeM, Nantesidera
chaofa.zhao/zhenyu.yin/pierre-yves.hicher@ec-ndntes

Constructing constitutive models is one of the maosportant tasks in geotechnical
engineering. Generally, the favoured models areghehich reveal the physics of soils and
can predict their behaviour correctly with a linditesumber of parameters. Based on
continuum mechanics, phenomenological models haea proposed to describe the granular
soil behaviour obtained from elementary tests. MeeEntly, micromechanical models have
been developed which consider force-displacemeatioaships at the interparticle contacts.
These models are thus able to take into accounfutidamentals of granular physics and to
reproduce basic soil behaviour (Chang and Hich@®52 Nicot and Darve, 2005; Yin and
Chang, 2009; Nicot and Darve, 2011). It would, ¢here, benefit multiscale modelling of
geotechnical problems to implement these modetsfinite element codes.

Micromechanical models based on the static hyp&hieave proved to perform well in
predicting soil behaviour (Chang and Hicher, 208&her and Chang, 2007; Hichet al.,
2008; Yin and Chang, 2009; Yt al, 2009; Yinet al, 2011; Yinet al, 2012; Yinet al,
2014). However, these particular models cannotyeadegrate the stress at the macro level,
since the displacement at the contact level isdimectly obtained from the global strain. In
order to analyse boundary value problems with timegdels, this study proposes an efficient
implicit method to integrate stress-strain relagiop with consideration both the micro and
macro levels. For this purpose, the Chang-Hiche@ramechanical model has been adopted.
A predictor-corrector scheme is first proposed tuves the linearised mixed control
constrains. An iteration procedure then implemen¢smacro-micro relations. Additionally,
two return mapping schemes including the closesttgmojection method (CPPM) and the
cutting plane algorithm (CPA) are adopted to indégrthe inter-particle force-displacement
relations. The studies on elementary tests and daoynvalue problems have shown the
accuracy and efficiency of the proposed implicijosithms. The results show that the
proposed linearized method can successfully perfsimass-controlled or strain-controlled
loadings. The proposed implicit algorithm for th@aro-micro relations expresses the static
hypothesis consistently with the stress integrat@msor.

CPPM on integrating local laws for the micromeclkahimodel provides a more significant
computational cost efficiency without any loss of@racy, compared to CPA. Simulations on
several conventional loading paths, i.e. drainedl @mdrained triaxial compression tests, are
conducted for investigating numerical accuracy effitiency. Finally, the model has been
implemented into a finite element code and validaby elementary testshree typical
boundary value problems, i.e. a biaxial test, aasgdooting and the excavation of a tunnel,
were numerically performed and the results analyse@valuate the applicability of the
numerical approach (Figure 1).
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Abstract

The paper presents results of recent researchviestigate the role of stress states on
permeability evolution in a heterogeneous argilbaserock. The fabric of the rock, that

consists of light grey nodular regions of calciielomite and quartz interspersed with dark
grey regions of calcite, dolomite with a clay fiaot contributes to unconventional results
relating to the evolution of permeability with thess state.

Introduction

The general consensus in many countries is thai deelogical disposal presents the most
environmentally benign form of disposal and contant of the hazardous nuclear wastes. A
major factor to be considered when constructinguaderground repository is tha situ
stress-assisted alteration of the fluid transpharacteristics of the repository rock due to the
development of defects such as micro-cracks andratkfects. Fluid flow patterns in the
vicinity of an underground repository will be theam source for the migration of
radionuclides that can be released either acciligmiaduring the natural degradation of the
waste containers. In most applications involvingumdwater hydrology and water resources
development, the permeability characteristics oblggic media are assumed to remain
constant throughout the effective lifetime of tlieieonmental geosciences activity. This is in
contrast to environmental geomechanics activitgs®aated with geologic disposal where the
stress state in the ground can be altered by thmesring activity, which can in turn lead to
alterations in the permeability of the rock masan&lian proposals for the deep geologic
disposal of all levels of radioactive waste invotwe types of host rocks. The granitic option
for storing heat-emitting high level nuclear wastensiders the siting of repositories in
plutonic rock masses of the tectonically stable aigan Shield. This option has been
examined over the past six decades and presenigsbke option for geologic storage of
hazardous nuclear waste; the excavation relateth@éoconstruction of the Underground
Research Laboratory in the Canadian Shield at Rindanitoba has emphasized the role of
in situ stress states in initiating excavation dgenaones and excessive deformations around
the galleries constructed at typical repositorytdef 450m. The Canadian proposals for the
geologic storage of low- and intermediate-levelleacwaste focus on siting a repository in
the Ordovician Limestone sequences located in sont@ntario. The geologic formations are
nearly horizontally stratified and the approximgatéb m thick Middle Ordovician Lindsay
formation is located about 630 m below ground leVéle Cobourg formation is overlain by
Upper Ordovician Siltstone and Gray Shale extentling depth of 200 m and underlain by
Argillaceous Limestone and Gray Shale, approxingai®0 m thick. The entire sequence of
Paleozoic rocks rests on a Pre-Cambrian GranitieisSnbasement rock. The Cobourg
Limestone, located at a depth of 660m, is the sediary sequence which has been targeted
for the siting of a geologic repository. The Colypurimestone displays heterogeneity
resulting from the interspersed fabric of a calaitelomite-rich light gray, nodular limestone
separated by argillaceous partings. There is soisigalvevidence of a nominal plane of
stratification but this can vary from sample to ggdepending on the spatial arrangement of
the fabric (Figure 1). In terms of mineralogy, tlght gray nodular limestone is composed of
carbonates (84%) calcite and dolomite, quartz (844) traces of clays (0.3%), whereas the



argillaceous partings contain carbonates (66%)teadnd dolomite, quartz (22%), with a clay
content of (2.4%) (lllite, Kaolinite and a traceMbntmorillonite).

Damage and Permeability

Damage development in rocks can be complex andraetleeories based on damage
mechanics concepts have been adopted to desceledtution of permeability and elasticity
properties that ultimately describe the poromedataniesponse (Mahyari and Selvadurai,
1998; Selvadurai and Shirazi, 2004; Selvadurai42@@llet and Selvadurai, 2016). A further
aspect of damage evolution is the transition ofddmaged region to an extensively fractured
rock mass that can significantly alter the fluidnsport characteristics within the rock mass.
This research deals with the experimental studh®fevolution of permeability with stress in
a heterogeneous rock (Cobourg Limestone) consistirgnodular fabric of calcite-dolomite
and quartz interspersed with partings that are @soposed of calcite and dolomite but with
a less than a five percent clay fraction. In itfadh unstressed state, the heterogeneous
argillaceous rock is highly impervious with permiigibs ranging from 16 m? to 10%° m?
This is a major reason for the choice of the Cobgdumestone as a candidate for a repository
setting. Furthermore, in regions where the in sitass state is altered, the rock will have the
potential to accommodate straining without the tlgwaent of extensive damage. In this
research program, the influence of the stress stafgermeability evolution was first assessed
by subjecting the Cobourg Limestone to isotropienpeession followed by permeability
measurements conducted using hydraulic pulse {&sk/adurai and Najari, 2016). The
results of the isotropic compression testing avemiin Selvadurai et al (2011). In relatively
homogeneous materials, such as sandstone and egramite compression can lead to
reductions in permeability. However, in the cas¢éhef Cobourg Limestone, the application of
isotropic compression can lead to an increaseaemtbasured permeability. In addition, the
application of a cycle of isotropic compression antbading can lead to permanent increases
in the permeability (Figure 2). It is conjecturéat the application of external isotropic stress
states can induce heterogeneous stress staten Wiéhfabric of the rock that can lead to the
development of damage along the argillaceous mativhich can alter the permeability. The
experiments conducted on 100 mm diameter samples ngpeated on 85 mm diameter and
130 mm long samples tested in an Obert-Hoek Calvéflurai and Gtowacki, 2017) and
identical results were obtained (Figure 3). Theeaesh was extended to examine the
influence of discrete fracture development on tkaneation of bulk permeability of the
Cobourg Limestone. Cylindrical samples of the CabdLimestone were subjected to stress
states that simulated geostatic conditions andrdldel principal stresses were reduced to
simulate conditions that can arise during the stredief following excavation of an
underground opening. The variation of permeabiliith the failure stress state was estimated
from steady state permeability tests (Figure 4)thWthe attainment of failure, distinct
fractures were observed in the argillaceous pastifiagure 5), which leads to an overall
increase in the permeability of the heterogeneamck by approximately four orders of
magnitude (i.e. ~I& m? to 10'® m?) (Selvadurai and Glowacki, 2017).

Concluding Remarks

The evolution of irreversible permeability increasduring isotropic compression is a
characteristic response resulting from micro-memdamlamage that causes an increase in the
permeability. In the post-failure range, the perbi@s is controlled by damage and failure in
the partings that contain an argillaceous comporenthe modelling of the stress-assisted
evolution of permeability in the heterogeneous QGoboLimestone, greater attention can
therefore be devoted to modelling damage and &iluthe argillaceous phase. In this regard,
more non-invasive techniques such as CT-scans dhdm@asurements can be used to
supplement traditional mechanical testing.
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The aim of this research is to investigate failym®cesses and damage evolution in
transversely isotropic rocks through micro mechananalyses. In particular, we use an
enhanced discrete element method (DEM) implemeintéde open source code, Yade open
DEM, and propose a multi-scale approach to cladBmage development and strain
localisation in argillaceous rocks. Because itlsn shown that its inherent anisotropy plays
a critical role in the development of damage arothel drifts of the Meuse-Haute-Marne
Underground Laboratory (MHM URL), the Callovo Oxfican (COXx) claystone was chosen
as the reference material in our study. Transvisteopy is introduced in the model at the
interparticle scale in the form of weakness plawéh specific micromechanical properties
and a predefined orientation related to the micootire of the considered rock. The
methodology is an offspring of the approach fisigmsed by Duan et al. [4]. A number of
compression tests under plain strain and triaxaalddions were performed under different
confining stresses and the predictions of the megsiematically compared to experimental
results [1]. Among other characteristic propertigs,found that the post peak response of the
COx claystone was only reproducible when the aropat DEM was used (Fig 1).

Progressive failure mechanisms were investigateautfh the analysis of both the damage
developing at low strain and the shear bands apyeat high strain in combination with
strain softening. For low confining stresses (2 &dPa), the predicted shear bands present
similar orientations to the ones observed experiaign[2, 3] (Fig 2). On the other hand, a
slight discrepancy can be observed for higher ocamdi stresses (10 and 20 MPa). A
systematic description of the local mechanismsihgatb the appearance of the shear bands is
proposed. In particular, we show that strain I@zlon is always related to the development
of shear enhanced micro cracks inside the modd, |#tter presenting characteristic
orientation distributions with respect to the shband orientation. In addition, a specific
emphasis is put on studying the influence of thenemical parameters on the model’s
predictions. We show that the predicted shear bahdkness is not particle size dependent
but rather structure size dependent as it appedrs directly influenced by the geometry of
the model.

Finally, in an attempt to apply this newly develd@g2EM model at the engineering scale, we
simulated excavation processes representative eofstiess conditions encountered in the
MHM URL. Our results show that, although laborat@gale observations and discrete
simulations in terms of the failure envelope anckss-strain relations agree fairly well,
additional developments are still needed in ordereproduce the deformation and failure
processes observed in-situ. Among the numeroustspeeded for a better description of the
material behaviour, the introduction of hydromedbaincoupling appears to be the most
important [5] and is currently underway.



03=0 MPa — 03=2MPa 50

60 - 0y=5 MPa - 5=10 MPa (b) = an
(@ 05=20 MPa |— an
50 | 40 — an
E - - an
Z 55 \ an
: e TN . s L, is.-
% \\- R Y < N is.-
- — Tonl e TN e o ™t e is.-
% P Y L P is.-
g is.-

8 — ——

e e e
0 500 1000 1500 2000 2500 300 e, [millistrain] 0
b |
Displacement (pm)

.-0.1 MPa
-2 MPa
-5 MPa
.-10 MPa
.-20 MPa
0.1 MPa
2 MPa

5 MPa
10 MPa
20 MPa

50

Fig 1. Triaxial compressive test results under varioudinom stresses a) Stress-strain curves
recorded experimentally [1] b) Stress-strain cusigisined from both isotropic (is) and anisotropic

2 MPa

5-6 MPa

(an) DEM modelling

Strain

025

Fig 2. Shear bands under plain strain loading dmmdi A) Experimental results [2, 3] B) DEM

References

predictions

[1] Armand G., Leveau F., Nussbaum C., de La VarssR., Noiret A., Jaeggi D., Landrein
P., Righini C., Geometry and Properties of the Eatan-Induced Fractures at the
Meuse/Haute-Marne URL DriftRock Mech Rock En@014) 47:21-41.

[2] Bésuelle P. and Hall S.A., Characterizatiortted Strain Localization in a Porous Rock in
Plane Strain Condition Using a New True-Triaxialpapatus Advances in Bifurcation
and Degradation in Geomaterial€ll), 345-352 (2011).



[3] Bésuelle P., Lanata P., Desrues J. and SaBgé&nalyse de la rupture et de I'anisotropie
de l'argilite-développements récemsdra Internal Repor(2016).

[4] Duan K., Kwok C.Y. and Pierce M., Discrete ekmh method modeling of inherently
anisotropic rocks under uniaxial compression logdimt. J. Numer. Anal. Meth.

Geomech DOI: 10.1002/nag.2476 (2015).

[5] Seyedi D. M., Armand G., Noiret A., “Transveréction” — A model benchmark exercise
for numerlcal analysis of the Callovo- -Oxfordianydtone hydromechanical response to
excavation operations  Computers and Geotechnjcs  doi
10.1016/j.compgeo0.2016.08.008 (2016).



The effect of chemical solutions upon the hydromeeimical
properties and the structure of two clays

H. Souli

Ecole Nationale d’'Ingénieurs de Saint Etienne
Laboratoire de tribologie et dynamique des systémes
CNRS UMR 5513
E-mail : hanene.souli@enise.fr

Introduction

When clays are subjected to chemical solutionis, @ften difficult to perceive the evolution
of their mechanical and physico-chemical properfié® aim of this article is to demonstrate
via two examples the effect of the presence of Weawtal pollutants upon the
hydromechanical and structural properties of tvaysl The first case consists of studying the
evolution of the properties of a smectite thatikelly to be used as a barrier in an industrial
waste deposit installation. The focus is put upoa évolution of the permeability and the
porosity in the presence of zinc. The second cagdores the effect of electro kinetic
treatment upon the structure of a kaolinite mixethwater and lead/ithin the framework

of using clays in a waste deposit installation, shedies done by Shakelford et al. (2000),
Julien et al. (2002), and Souli et al. (2008) hslvewn that the permeability of clays, notably
smectites, increased with the increase of the cdrat@on of heavy metals. Souli et al. (2008)
demonstrated that the presence of lead led toti@riaf porosity, particle size and particle
orientation.From an electrokinetic standpoint, this method &lasady been the subject of
previous studies whose aim was to study the effeetectrical parameters such as the current
intensity, the value of the applied electric pontifference upon the efficiency of the
method (Acar et al. 1990, Reddy et al. 2002...). &@erstudies have been interested by
studying the evolution of the structure of natwiay samples after treatment (Steger et al.
2005, Ben Hassine et al. 2016).

Evolution of hydromechanical and physico-chemical pperties of a smectite

The permeability measurements carried out in tlesgarce of zinc at concentrations from
0.01 and 1M have shown a decrease of the permigabith an increase of zinc
concentrationThe analyses of porosity by mercury porosimetrg.(Bi have shown that for a
small concentration of zinc (0.01M), the distriloutiof the pore sizes is comparable to that
obtained for a sample mixed with water. Howeversignificant re-organisation of the
porosity is observable in the presence of zincaireentration level of 1M. Indeed, as shown
by the results in Figure 1, an enlargement of thieriaggregate pore sizes can be observed.
The X-ray diffraction (Fig.2) showed that the risethe concentration of zinc leads to a
diminution of the (001) reflexion intensity compdr® the same reflexion intensity proper to
the sample mixed with water. This shows a variaiiothe organisation of the particles in the
presence of zinc (Guillot et al. 2002). In the prese of zinc at a concentration of 1M, the full
width at half the maximunof the (001) reflexion decreases, which means that timebeun of
clay layers in a particle increas@se increase of zinc concentration leads to a dseref the
thickness of the double layer and to the decre&sepuilsion forces. The consequence is an
increase of the size of the particles with an iaseein the number of clay layers per particle
(DRX). On the other hand, the X-ray diffraction slsoan evolution in the organisation of the
structure in the presence of zinc. The associaifaiese parameters leads to a variation of
the pore sizes which is responsible for the perifigaincrease in the presence of zinc.
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Evolution of the structure of a kaolinite mixed with lead after an electro kinetic
treatment

The benefit of this study comes from the evolutibthe structure of the kaolinite mixed with
water and lead. The samples with initial water eahtequal to the liquid limit are
consolidated under a small stress before beingestdy to an electro kinetic treatment.
During the test, different parameters such as tHe the current intensity, the electric
potential difference are measured as a functidingd. After the test, the samples are cut into
small pieces so that the structure can be studietttay diffraction.The results show that for
the kaolinite water mixture, there is an increakéhe electrical conductivity, this being due
to the diffusion of the cations’Hn the structure. However, in the presence of,zindecrease
of the electrical conductivity has been obtainedg.d. This decrease is due to the
displacement of the lead and its replacement bydtiens H. The measures of pH show that
the samples acidify as a consequence of the diffusi ions H within the structure (Reddy et
al. 2002).
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Figure 3 Evolution of the electrical conductivity kaolinite mixed with water and lead

As far as the study of the structure is concerrlbd, comparison of the (001) reflexion

intensities, shows that in the presence of waterptserve a decrease in the intensity of the
(001) reflexion compared to the intensity of th@XPreflexion of the sample before the test
(Fig.4a). This shows that the treatment in thisedasads to an increase in the level of the



disorder of the structure (isotropy). The elimipatiof lead, on the contrary, leads to the
development of a more ordered structure, in corgparialso with the sample before the
electro kinetic treatment (Fig.4b). In both casks,full width at half the maximummcreased,
compared to the initial state, which means that slze of the particles increased. The
evolution of the structure in this case is duehm pH variation of the structure following the
diffusion of the H cations in the structure. Indeed, when the pH dsa® the repulsion
forces decrease which leads to particle formatioam lmgher number of clay layers. This is at
the origin of the particle size increase as showthb X-ray diffraction.
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3 Conclusion and perspectives

The two examples presented in this study have shibatrthe presence of chemical solutions,
especially heavy metals, leads to an evolutiomefstructure of the specified clays. Evolution
in particle sizes, in particle orientation, ancgore sizes have been observed. These variations
have an effect on the mechanical properties as e first case. However, this study has
only shown the short-term effects. Longer testsrandelling will allow us to study the long-
term behaviour of these materials.
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Abstract

Among the four types of internal erosion identifi@dlay, suffusion is the only one which
affects the internal fabric of granular materidlBis selective erosion process has a noticeable
impact on the microstructure of soils which maydlea some cases, to serious consequences
on the mechanical stability of the overall grairseambly. Thanks to the DEM (Discrete
Element Method) approach, the link between the osicucture and the overall mechanical
stability can be investigated through the forceirthaoncept and the directional analysis
within the theoretical framework of the second onderk. The internal fluid impact on stress
transmission can be calculated with a PFV (Por&esEmite Volume) fluid/grain coupling
scheme. With respect to the onset of mechanic#hbiigies, the particular role of mobile
particles can be highlighted.

Introduction

Many hydraulic structures such as dams or dikesvade of granular materials which, for
most of them, are permeable. Consequently, thepféea subjected to internal flows which
may modify their microstructure and their overalldhaulic and mechanical properties.
Within the geomechanics community, this procesgeiferred to as internal erosion, a
phenomenon which might affect the hydraulic streetthrough four processes, namely
backward erosion, contact erosion, piping erosimhsuffusion (Bonelli, 2013). Among these
four types of internal erosion, suffusion is théyamne affecting directly the internal fabric of
granular materials which impacts the constitutieddviour of the material of the hydraulic
structure body. At the microscale, this processsis of a rearrangement of particles driven
by three elementary mechanisms, namely the detattwhgrains from the granular skeleton,
their transport through the pore network and pdgdibeir re-attachment to the granular
skeleton farther away.

Since the end of the J@entury, many criteria have been proposed forsagsg the internal
stability of a particular soil with respect to sudfon (Kézdi, 2013), (Kenney & Lau, 1985),
(Li & Fannin, 2008), (To, Scheuermann, & Galindo#Bs, 2015). These criteria based either
on the particle size distribution (PSD) or on tlumstriction size distribution (CSD) have in
common the fact that they aim to identify soilsanhich the fabric modifications induced by
the fluid are negligible due to the impossibility detach or transport grains. However, very
few studies go so far as to consider the evolutbrthe mechanical properties of soils
subjected to suffusion, which is still an open estuday.

Recently, with the capacity of discrete elementhods (DEMs) (Cundall & Strack, 1979) to
consider a substantial number of particles, as aglthe recent development of efficient
fluid/grains coupling schemes, it is now possildarodel the complete coupled problem of
suffusion at the material scale and to exploredhget of mechanical instabilities resulting
from the coupling between microstructure, streagsesand hydraulic loading. With regard to
this problem, this paper investigates the abilitya@oupled DEM-PFV approach (Chareyre,
Cortis, Catalano, & Barthélemy, 2012) to model ¢ffect of an internal flow on cohesionless
soils modelled as a poly-dispersed assembly ofregh@&@hanks to the use of micromechanical



tools based on the identification of chained phatic(Peters, Muthuswamy, Wibowo, &
Tordesillas, 2005), the impact of an internal flow stress transmission is presented in the
first section. In the second section of the pather specific influence of the microstructure on
the mechanical stability of granular assembliessigmated within the theoretical framework
of the second order work (Nicot & Darve, 2007).

Numerical assessment of the grain detachment phen@mon

With the YADE software, a cubic assembly of 50,086herical particles is generated
following a gap-graded particle size distributid?SQO) characterized by a large aspect ratio
between the largest and smallest partictes{/rmin = 25) and by a fine fraction of 25 %.
Based on Shiret al (2014), a significant fraction of the fine palti is expected to be
incorporated in the primary fabric of the corresfiog granular material. At the microscale,
the interactions between grains can be modelleld avitlassical elasto-frictional contact law
with parameters given in Table below (Cundall &8k, 1979).

Parametel Value
Density 3,000 kg.n™
Young Modulus (E 356 MP«
Stiffness ratio¥) 0.4z
Inter-particle friction angleo) 35¢
Particle-wall friction angle 0°

Number of particle 50,00(

A relatively loose sample (shown in Figure 1 (a)jhva void ratio of 0.4 has been prepared
following the radius expansion technique until aatiopic confining pressure of 20 kPa is
reached. Under this mechanical stress state, ablditoading is then applied in the form of
a horizontal hydraulic gradieht= 1. The modelling of the fluid/grain interactionsaishieved
numerically through the use of the DEM/PFV schemplémented in YADE. Pressure type
boundary conditions are used in the direction effthid while zero flux boundary conditions
are imposed on the other sides of our cubic sariple.PFV scheme is based on a tesselation
of the pore space on which the Stokes equationssalred in the form of a piecewise
constant pressure field. A detailed descriptiontted numerical scheme can be found in
(Chareyre, Cortis, Catalano, & Barthélemy, 2012 the interaction between the particles
and the bounding walls, a frictionless contact iswsed and no particles are allowed to leave
the sample (the eroded particles are retainededdivnstream side of the sample).
The impact of the fluid flow on the stress transius in our sample is assessed with the
micromechanical concept of force chains. An endcluefinition is used as in (Peters,
Muthuswamy, Wibowo, & Tordesillas, 2005) (WautiBgnelli, & Nicot, 2017):

- The particles belonging to a force chain haveghédr principal stress than the mean

particle principal stress;
- The principal stress direction of chained particesaligned with the geometrical
contact direction (less than 45° deviation);
- Aforce chain contains at least three contactintjges.

Based on this definition, the population of padscltransmitting large stresses within the
sample is identified and tracked while applyindwadf flow. In Figure 1, the sample used in
this section is shown with all the particles (a)l amly the chained patrticles (b).



Figure 1. Sample visualisation (a) and force cheaisisalisation before and after
applying a fluid flow (b).

The probability density functions (pdfs) which iodie that a particle of a given radius
belongs to the whole sample or to the chainedgbestiare plotted in Figure 2. Generally, the
force chains are mainly composed of large partigpesitive bias compared to the pdf for the
whole sample) but a non-negligible fraction of fperticles is also part of these force chains.
The impact of the fluid is visible through the ewitdn of the chained particles' pdfs before
and after the action of the fluid. The number oéioked particles increases with time, and
more and more fine particles are incorporated ih# force chains. As a result, for the

considered sample and under the particular sttats and hydraulic loading, the fluid seems

to have rather a stabilising effect through anease in the chained particles' population able
to transmit stresses through the medium.
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Figure 2. Pdfs corresponding to the whole sampshdd line), the chained particles before (dot-
dashed line) and after (solid line) applying adifiow.



Microstructure influence on the mechanical stabiliyy of the specimen

At the material scale, the mechanical stabilityaafiven material can be assessed within the
framework of the second order work theory (NicoDé&rve, 2007). Given two infinitely close
equilibrium states characterised by the two sttessorse ande + o and the two strain
tensorse ande + é¢, the second order work reads

W, = 8o : 8¢
where ":" stands for the double contraction product

The onset of a mechanical instability is detecteovided a direction of an incremental
loading leading to the vanishing of the second omderk exists W, < 0). As shown in
(Nicot, Sibille, & Darve, 2009), under some partasuloading conditions, the second order
work is equal to the opposite of the variation lo¢ kinetic energy per unit volume. As a
result, for the considered loading program, a negat, corresponds to a transition froan
guasi-static to a dynamic regime.

In this paper, the set of accessible stress stassbeen reduced to the Rendulic's plane
(axisymmetric loadings), and the existence of dilogdirection corresponding W, < 0, is
performed thanks to a stress controlled directi@mallysis within the Rendulic's plane with
stress probes of 5 kPa (Nicot, Sibille, & DarveQ2)

Compared with the first section of the paper, aanof 10,000 particles with a restricted
range of radius values is useq,{,/rmin = 3.5) While keeping the same material parameters
and the same sample preparation procedure. As showgure 3(b), the existence of
instability is found for a triaxial state corresplomg to a confining pressure af = 100 kPa
and a stress ratip = g/p = 0.45 wherey is the deviatoric stress apdhe mean pressure.

In order to investigate the role played by the fpegticles (unaffected by the mechanical
loading but highly sensitive to the hydraulic laagh with respect to the mechanical stability
of the whole specimen, directional analyses aréopeed on artificially eroded samples in
which all free particles are removed. In Figuref@, the same confining pressusg, two
mechanical stress ratip € {0.35;0.45} are considered. Foy = 0.35 the removal of free
particles produces an instability. Fpr= 0.45, the removal of free particles increases the
width of the instability cone.

0° 180°

(b)

Figure 3. Polar normalised second order work ermpesdor two stress ratigg (= 0.35 ((a) and
1n = 0.45 (b)). The solid envelopes are computed with altigdas while the dashed ones correspond
to the "no-rattlers" case. The solid circle coroaggs toW, = 0 the polar angle to the stress probe
direction within the Rendulic's plane.



Conclusion

In this paper, the impact of a fluid on the mechahstability of a granular assembly has been
explored given the definition of force chains. Sigipgly, the fluid seems to have a rather
stabilizing impact for the considered situationtlas number of chained particles increases.
This might result from the clogging of transporpetticles (the third step of suffusion).

This hypothesis is consistent with the macrosctbilgy analysis of samples deprived of

their movable particles in which the vanishing loé second order work is observed for more
stress loading directions within the Rendulic'spla
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In this study, we have attempted to reproduce tusi@n of a cohesive soil above an
underground cavity from numerical hydro-geomechameodelling. Two scenarios deduced
from observations on the site have been taken @otwsideration: the clogged conduit
washout and the dropout sinkhole. The proposedoagpris to explore the elementary
mechanisms at the scale of the interaction betwleefluid and the grains that constitute the
soil by using a numerical method which combinesltatice Boltzmann Method (LBM) for
describing the fluid phase and the Discrete Elembtdathod (DEM) for the solid phase. This
coupling is more and more in use for treating caxmgleomechanical problems such as the
phenomenon of erosion [1-5].

Numerical Method

On the one hand, we have adopted the Lattice Balimnschema corresponding to a 2D
network in which a fluid particle is constrainedpmpagate in 9 directions, including the one
where it remains immobilised on the samme. The classical resolution of the Boltzmann
equation is based on the model developed by Bhatragpss-Krook which uses one single
relaxation time. For these studies, we have chts@émplement a more stable model which
introduces a collision operator with various relixa times, called the Multiple Relaxation
Time (MRT) (8). On the other hand, the erodibld bas been modelled by a 2D assemblage
of rigid disksvia the discrete elements method which calculatds titagectories by a simple
integration of Newtonian movement equations [9]otder to reproduce a weakly cemented
soil, we have implemented a cohesion model whittoduces solid bridges between the
particles in such a way that a bond is broken wherinteraction force exceeds a threshold in
traction and in shearing [1, 3, 10]. Finally, aidiparticle coupling is given by a generalised
bounce-backelation developed by Bouziét al (2001). The hydrodynamic forces exerted
by the fluid upon the particles are thus determifrech the variation of momentum at the
level of the fluid-particle interface.

Scenario 1: Clogged conduit washout

We have begun by reproducing the process of calapa clogged conduit when the ground
was liquefied under high hydraulic gradients. Fegdia shows the implemented numerical
schema into which we imposed a preferential drgirpath within the modelled soil by
applying a stark contrast in cohesion between xtereal layers and the internal conduit (the
upper part of the underground conduit). In varyiing cohesion, the size of the conduit, and
the input pressure, we observed three systemssioer. the formation of a stable cavity, the
regressive collapsing of the granular column witthie internal conduit (Fig.1b) and of its
entire collapse. A parametric study that can ttheephase diagrams corresponding to these
different systems is presently under study.
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Figure 1 : (a) Numerical schema : diameter and rurobparticles D=6 mm and,N3042, input
pressure P=10 Pa, cohesive force C=20 N, widthhaight of conduit I= 11 cm an(; h=60 cm, width
and height of granular sample L=40 cm and H=42 cm.

Scenario 2: Dropout sinkhole

The second configuration evoked is almost the sasnéhe preceding one, albeit without the
presence of the internal conduit. At first, we olied a progressive evacuation of the
particles through the conduit, without any surfasevement. Then the top of the soil layer
begins to sag. To better understand the strucewaltion of the granular sample while it is
collapsing, we have examined the process from aomiechanical point of view, at the scale
of the inter-particle bonds. Figure 2 focuses am structure of the granular medium during
erosion, in the zone close to the exit towardscthreduit. Subjected to the pressure gradient,
the granular media auto-organises itself in thenfaf networks of force chains under
compression, more or less perpendicular to theawur flow. The front of the regressive
erosion appears to advance in a series of vamanit- movements. This structuring clearly
reveals an evolving destabilisation of the soilthie shape of a bell, as it has often been
observed on the terrain. It is moreover interestiongstudy the tensile bonds, since this
corresponds to one of the failure mechanisms inrcobesion model. Figure 2 shows the lines
of highest intensity which are indeed normal to dlestabilisation lines in the shape of a bell.
To confirm these tendencies in a more quantitafashion, we represent the distribution of
the polar angles of inter-particle bonds in relagioip to the centre of the conduit at the level
of the exit shown in Figure 3. In considering otthg normal forces superior to 30 N in the
case of compression, we have found the vault effgc distribution excepting the angles of
0° and 1807 In traction, by only considering the normal foroeferior to -10 N, we obtained

a distribution focused around the excluded angjfesompression, that is 0° and 180°.

The process of erosion, therefore, takes placeutfirahe progressive breaking of force
chains, subjected to a mechanism of traction. Tehe step will be to examine in fine detail
the evolution of the hydrodynamic parameters (vigfoiteld, pore pressure, hydrodynamic



force) and to carry out a systematic study of thpgsameters in order to better understand the
physical origin of this regressive process.

Force normale en compression (N) Force normale en traction (N)

- N

Figure 2 : Network of compressive (left) and temgéiight) normal forces for a simulation with the
following parameters: diameter and number of pgi®=5 mm and 8150, input pressure P=100
Pa, cohesive force C=20 N, width and height of ciirld 6 cm and h=60 cm, width and height of
granular sample L=40 cm and H=40 cm.

Figure 3 : Angular distribution of bonds betweee gnains, in compression (left) and traction
(right) condition.
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Internal erosion in granular soils may involve éiffint steps: the detachment of solid particles
from the granular skeleton under the action of watepage; the transport of the detached
particles carried with the water seepage insidepive space; and eventually, for certain
erosion processes, such as suffusion, the possatachment of some transported particles
to the solid skeleton of the soil, acting as filt

The first part of this report will describe andeargdret the first step of particle detachment.
The analysis is mainly based on direct numerigaufations performed with a fully coupled
discrete element—lattice Boltzmann method (DEM-LB[3). The dynamics of the solid
granular phase is represented thanks to the DEMhich each solid particle is explicitly
described, whereas the dynamics of the interstitiater flow is solved with the LBM.
Interactions between the solid phase and the fdhiglse are computed at the particle scale,
without introducing into the model any phenomenalal expression of the fluid-solid
interactions (for instance, permeability or dragcés are presumptively not introduced, but
constitute a result from the numerical model).

Numerical modellings of piping erosion (Fig. 1) che interpreted similarly to laboratory
hole erosion tests where the erosion rate is lipe@lated to the hydraulic shear stress
(Fig. 2) [3, 5]. Further investigations from themerical results suggest that the erosion rate
for hole erosion in granular matter at low Reynotidsnber, can also be interpreted as a
function of the water stream power (Fig. 1) acaogdo a power law (Fig. 2) [5].

0
Figure 1. Numerical modelling with the DEM-LBM ofpépe erosion at low Reynolds number. Due

to the applied pressure drop, water flows in theepisting hole from the left to the right. The aolo
scale represents the field of density of the paligsipated in the fluid by viscosity [5].
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Figure 2 Simulated erosion rate represented, on the teferims of excess hydraulic shear stress
and, on the right, in terms of excess stream ¢av)fpower [5].

In the second part of this report, the latter iptetation is applied to experimental data from
suffusion tests on a cohesionless soil and glasd bextures [4, 6]. Here again, if the change
of the erosion rate due to filtration is discarden, erosion rate is correctly described by the
water seepage power according to a power law. Tgsmple phenomenological model is

suggested to describe the whole suffusion procé$s bHased on the previous results

describing the particle detachment, and completedke also into account the transport and
filtration phases. Predictions of this model arenpared with experimental results from

suffusion tests on glass bead mixtures (Fig. 3).
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Figure 3 Sketch, on the left, of the oedo-permeameter tspdrform suffusion tests on glass bead
assemblies. On the right is presented the cumelativded mass produced from these suffusion tests,
symbols represent experimental data whereas cantiniines represent a model prediction [6].

Finally,

as the model

proposed suffers from a ratlewer-simplified, and very

phenomenological, description of the transport &ltchtion of the detached particles, the

particle migration in soils has been investigated dow scale thanks to a new numerical
model designed for this purpose. The model is basethe coupling between the DEM and
the PFV combining the distinct element method, dsedhe solid particles, with a pore-scale
finite volumes method that solves the fluid flonuatjons [1, 2]. PFV is developed for Stokes
flows of incompressible and Newtonian fluids. Afteimerical experiments, particle tracking



allows us to obtain, for different cases, the pat@nms to include in a general advection-
dispersion equation (ADE), the advective velocityl dhe dispersion coefficients. However,
in some circumstances, we discovered that partreesport becomes anomalous, which
means that the ADE fails to describe the procekdrideed, some conditions may lead to the
formation of blockages in the constrictions of tp@nular assembly (Fig. 4). Blockages
constantly appear and disappear, trapping andsiatpgarticles (Fig. 4), and changing the
local fluid flows. Such events are the cause of namous transport. Under these
circumstances we reproduce the evolution of theeoatmation of particles by using a system
of ADEs that are stochastically either time intégdaor frozen [7]. Random choices are made
according to the PDFs of traveling and blockage times measured from the numerical
experiments.
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Figure 4 Numerical experiments of particle transport basethe DEM-PFV. On the left:
intermittent formation of blockages in the congtos (the inset represents the arch formed byethre
fine frictionless patrticles that originatesa blagéa On the right: sample of time series of paaticl

positions in the main flow direction. Horizontatenvals represent periods in which particles were
trapped.
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The phenomenon of internal erosion occurs whengarticles are washed away by seepage
forces and transported throughout the matrix dfygmiticles. The loss of fine particles affects
the mechanical behavior of soil. Conversely, thange of porosity influences the soil
permeability as, therefore, the hydraulic behavidnternal erosion may cause significant
damage to geo-engineering works, such as earth,ddikes and tunnels. To address this
problem, the present work proposes a numerical motiéhe hydro-mechanical internal
erosion process by a continuous approach.

At first, a four-phase continuum model of intereabsion was reviewed: in a fluid-saturated
granular medium, two constituents, water and fedi particles, were introduced to describe
the fluid suspension hydraulic behavior. The s&glston itself consists of a mixture of
coarse grains and fine particles, and only the fiadicles are erodible. The flow rate in a
porous medium was governed by Darcy’s law, and rmn@a-Kozeny equation was adopted
to consider the influence of porosity on the phgkipermeability. The boundary value
problem (BVP) was then completed by a formulationthe volume exchange termedrby

The mechanical behaviour of the solid skeletoreaduced by an elastoplastic constitutive
model for sand-silt mixture (Yin et al. 2016), $at the influence of the change of void ratio
and fines content on the mechanical behaviour @ktioded soil could be taken into account.
For each soil mixture, the expression of the aitgtate line

1 \¢
ec = Qro _A (pij (1)

has been adopted, whegg, is the critical void ratio at a given confiningegsure{ andA are
material constantspy’ is the mean effective stress, apgd = 101.325 kPa represents the
atmospheric pressure. Only the initial criticaltstaoid ratioe;o changes with the fines
content. The evolution @, can be determined as proposed by Yin et al. (2016)

€ro = [ emc,cro (1_ fc) + afc] (2)

1-tant (. - f,,)] | . [ L]/ J ¥ tanpé(f, - f,)]
2 TR 2

where enccro and enero are the initial critical void ratios for the coarsnd fine grains,
respectively.a, ¢ Rq, m andfy, are material constantherefore, the location of the critical
state line can be obtained by combining Egs. (i)(&@hfor sand-silt mixture.

The mathematical problem, consisting of a stressilibum equation, a mixture flow
equation and a mass balance equation, is solvecnuatly by a discretization procedure
through the Galerkin finite element method in spaee the finite differences in time.



It was then applied to a 2D computational examplews in Figure 1. An erosion process
takes place leading to a decrease of fines indheslseleton near the crack. The alteration of
porosity and fines was observed. Comparisons ofilaitions based on different initial fines
contents were made, which indicate ttte mechanical behaviour of sand—silt mixtures is
highly dependent on the proportions of the finestenot.
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Figure 1. 2D computational example of internal &mos
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Figure 2. Spatial profiles of surface settlemerdarrdifferent conditions of initial fines content
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Geomaterials are usually under unsaturated, ir6iafya saturated, conditions above the water
table, thus revealing a three-phase system thasistsnof a solid phase (the granular
skeleton), a liquid phase (water, or any otheriwgtiiuid phase), and a gaseous phase (air, or
any non-wetting fluid phase). For engineering peg it is important to properly describe
their mechanical properties which turn out to bstlyadifferent from those under dry or
saturated conditions. Unfortunately, the mathematamalysis of such three-phase system
presents some difficulties due to the occurrenceaotariety of internal forces and
microstructural interconnects. It is found thattidist water and air pressures lead to a non-
zero suction,s=u, -u,, Which greatly affects the behaviour, in additibm air-water
interfaces and corresponding surface tension fondesh are basically absent in the dry or
saturated conditions. As such, these intricataufeathave much delayed the generalization of
Terzaghi's effective stress concept from saturédednsaturated conditions, since the early
Bishop's attempts (e.g. Bishop & Blight, 1963). &ty rate, a fundamental drawback in
Bishop’s equation is that the corresponding efiecttress is expressed from the total stress
and an average fluid pressure that is proportitm#iie suction through a scalar coefficignt
However, it is well-known that the spatial distrilaun of particle contact normals is most
often anisotropic in nature, while the water meina®e also intrinsically linked to contact
distribution. Thus, an anisotropic distribution lfcal suctions is expected in partially
saturated media, which requires the suction todseribed by a non-spherical tensor rather
than a scalar as in Bishop’s equation.

Quite recently, the necessity for such a tensoraure attributed to the coefficient has
been recognised in micro-mechanical analyses dfafigrsaturated granular materials that
adopt a resultant force description of the interioates at hand (Hicher & Chang, 2007,
Scholtés et al., 2009). This issue is here rewdstteough a different micro-mechanical
approach where the distributed nature of fluid gwess (within fluid volumes and along
wetted surfaces) and surface tension (within atewmterfaces and along three phase contact
lines) is explicitly taken into account, insteadreflucing these internal forces into a resultant
force. From the analytical equations derived inti®acl, such an approach also reveals an
anisotropic nature that is absent in Bishop’s dqunatThe combination of this analytical
approach with a DEM model presented in SectionnHbdes one to actually quantify this
anisotropy and to address the effective stressislsson in Section lll.

1. Homogenisation of stresses in partially saturategranular media

In order to revisit Bishop’s equation from microrhaaics, the macroscopic i.e. total stress of
partially saturated media is homogenised from la#l inicroscopic internal forces at hand.
Among these microscopic internal forces, it is im@ot to distinguish:
» the solid phase stress within the solid volume caused by various tractions along
solid particles such as fluid pressures, surfacsio@ and contact forces,
» the distinct air and water pressures within theesponding volumeg, andV, ,
+ and also the surface stregs=y(nn, -¢,) for the air-water interface, witpthe air-

water surface tension coefficient, the interface normal, and, the identity tensor.



Such a surface stress properly describes the sutéarsion internal forces existing
within the air-water interface (Gurtin & MurdochQ15; Chateau & Dormieux, 1995).

The total stress, is thus expressed as per Eq. (1):

1
Zij =< O-ij > = ; I:J.Vs O'ijdV + wa uw6ijdV + fVa uaé‘UdV + fsaw Tl,'UdS] (1)

which eventually leads to the following express{@hateau & Dormieux, 1995; Duriez &
Wan, 2016; Duriez et al., 2017)

Zij - uaé’ij = %[ZCont.fi lj —S (VW 51']' + fsw TlindS) -Y (fF Vindl + fsaw(6ij—nl‘7’lj)d5)] (2)

with x, the position from the grains centroids of any pailong the grains surfaces, the
tangent to the interface surfase, being orthogonal to the contact lines contoDrsvhere
the three phases meet, andthe outwards normal to the wetted surfasgsor the interface
surfaces, .

Eqg. (2) reveals a partitioning of the total streeswveen a contact stresg™ arising from the

contact forcesf,, i.e.

O_ii'ont = 1Zcont.fi lj (3)

v

and the so-called capillary stress€¢ due to the air-water mixture:

O'ii'ap = Zij — ua6ij — O'i(j-ont = —%[S (VW 6ij + fsw nindS) + Y (fl" Vindl + fsaw(ﬁij—ninj)dS)] (4)

It is clear from Eqg. (4) that the capillary stred@es not correspond to an average fluid
pressure in the general case, with a non-sphdgoabrial expression that is at fundamental
variance with Bishop’s equation.

2. Numerical DEM modelling of wet granular media

In order for Egs. (2)-(4) to be evaluated and thsoaiated contact and capillary stresses
thoroughly investigated, a comprehensive descnptibthe microstructure is necessary, in
terms for instance of wetted solid surfacgs or air-water interface surfaces, . To do so,
the DEM model recently proposed by Duriez & Wanl(28) is now considered. The DEM
model applies to low water saturation conditiond apherical solid particles, where water
distributes into distinct liquid bridges betweentjgdes pairs (Fig. 1).

0 0

% o)
=

Fig. 1: An axisymmetric liquid bridge between spba&rparticles

Extending the DEM model by Scholtes et al. (2008§uid bridges are introduced solving the
Laplace-Young equation under uniform suction coodg, for any contact angke (Fig. 1).
Due to the knowledge of the liquid bridge profitbg function{(z) in Fig. 1), all menisci
properties are determined, including the air-watgerface S, . The DEM model then



provides a direct access to the microstructurellgftases, and a description of strains and
stresses in unsaturated conditions through thesicelsDEM computation cycle. It is to be
noted that the resultant force-based stress déscripf the DEM model is completely
equivalent to the above analytically homogenised(Eg(Chateau & Dormieux, 1995; Duriez
& Wan, 2017b), provided that the air pressure ketaas reference.

3. Multiscale unsaturated soil mechanics

The anisotropic nature of the capillary stressesois demonstrated via DEM simulations of
triaxial compression of an unsaturated granularenmsdt Upon loading, the solid phase
microstructure obviously orients itself towards thajor principal direction, which reflects on
the distribution of wetted solid surfaces for imgta, and eventually the capillary stresses

(Fig. 2).
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Fig. 2: Deviatoric nature of the contact netwohe tvetted solid surfaces microstructysg,);; =
J; nix;ds and the capillary stress themselves during tvexi@l compression tests

From the knowledge of the capillary stresses, tact stress can also be accessed, and it is
shown that the contact stress is an adequate igesttess variable that describes the strength

of wet and dry granular media with a unique cohdsgs failure criterion (Fig. 3).
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Fig. 3: Stress-strength effective nature of the@arstress for dense (left) or loose (right) gtanu
soils

The complete stress-strength-strain effective eatirthe contact stress is currently under
investigation, with preliminary results suggestthgt the same constitutive relations apply to
the quasi-elastic regime of dry and wet granuladimmesing the contact stress defined herein
as the effective stress variable.
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Abstract. The phase field model of unsaturated poromechanicsduced by one of the

authors is numerically implemented within CODE_BHRI{5 focusing attention only on the

behaviour of the air-water mixture saturating th@repspace. Within the framework of
gradient poromechanics, the problem of gravityehigegregation, in counter-current flow, is
addressed naturally reproducing the formation &edpropagation of a bulge in the vertical
saturation.

1 The governing equations

The partially saturated porous medium is descramethe superposition of a porous skeleton
and a binary mixture of a liquid and a gaseous @hiasparticular liquid water and wet air.
The partial saturation of the pore space is ac@ulfdr conceptualising the fluid mixture as a
non-uniform fluid in the sense of Cahn-Hilliard],[1.e. a fluid possibly having a spatial
variation in one of its intensive scalar properijpease-field). We limit our attention to the
case of a non-deformable solid skeleton; thus, ¢méybehaviour of the air-water mixture
saturating the pore space is discussed; the (Ewmeoe Lagrangean) porosity therefore
remains constant and is characterised by its nederealuen.

Following the approach to partial saturation introeld by one of the authors, see [3], the
biphasic nature of the fluid is characterised rémey the degree of saturati@as the above
mentioned Cahn-Hilliard-like phase-field, whe®e0 andS=1 indicate the gaseous and the
liquid phase, respectively. To do this, the liqulkase of the mixture (water) is assumed
incompressible and the density of the gaseous faaseair) is neglected with respect to that
of the liquid; the balance of the fluid mass cagréfiore be stated as follows:

d(nsS,)
dat

+ (nSrwk)’k =0 (1)

wherew is the seepage velocity. The governing equatidrnthe problem can be deduced
from eqg. (1) and from the generalised Darcy lawjcwhtakes into account the non local
properties of the Cahn-Hilliard fluid describingetBaturating mixture, see [3], by means of
the following system of partial differential equats
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2 Modelling counter current flow

Using the results of the laboratory experimentahgaign conducted by [2] as a benchmark, a
two stage process culminating in gravity-driven rew-current flow through a porous
formation is simulated starting from a referencenbgeneous configuration, with respect to
the saturation degree, passing through an inteateedsegregated stage and finally
considering the evolution whicgdtems from a 180° rotation of this last one. Thenttion of

a bulge of the wetting and heavier phase can bereéd when reproducing the two above
mentioned stages of the laboratory test. The nwalesimulation is developed assuming the
retention characteristics and the permeabilityhaf $and, prescribed by a Van Genuchten
model, to be homogeneous over the domain.

Stage IThe main goal of this stage is to establish intt@hditions which can trigger counter-
current, gravity-driven flow in the sample startiirgm a homogeneous distribution of the
phases. The sample initially characterised by dotmi value of the saturation degree,
S$=5°=0.37, is shut into a box, so that water and weag allowed to exchange places one
with the other in the sample, driven by their dgndifference, without allowing in-coming
or out-coming flow. The result of the simulatiorréported in Figure 1.
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Figure 1. Stage 1- gravity segregation for tim&3 min,t=36 mint=45 min,t=76 min,t=81 min

Stage ZThe counter-current gravity-driven flow is now aioked, considering a 180° rotation
of the sample once equilibrium conditions have baehieved at the end of stage 1. It is
reasonable to consider an initial state which isypkeed with respect to this ideal state in the
sense that the interface between the coexistinggshia translated by a given lengtalong
the vertical axis, and the profile is consequedtyormed in such a way that the amount of
water initially shut into the box remains unchangédcritical value ofl exists so that,
keeping fixed the natural boundary conditions assiifor the stage 1, different evolutions of
the perturbed rotated initial state are admissilolgrarticular, ifl<l; the equilibrium solution
describes a condition of suspended water: no cognteent flow occurs and consequently no
gravity-segregation: after the rotation the watmnains trapped at the top of the box. On the
other hand ifl>l. the bulge appears at the top of the box and starteove towards the
bottom. In Figure 2, the formation and the propagabf the bulge are depicted at the mean
section of the sample along thexis.
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Figure 2: Stage 2 - Gravity segregation for tim@ min,t=1 min,t=8 min,t=33 min
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Strain localisation in soils and rocks has beeeresively studied for the last 40 years. On the
experimental side, a large number of these stulgss been devoted to the experimental
observation of localised deformation in laboratelgment tests such as biaxial (plane strain)
and triaxial tests. 2D and 3D imaging techniques iamage analysis methods have been used
to characterise the onset and subsequent develomhstrain localisation. In recent years,
these techniqgues and methods have improved signific leading to far more accurate
measurement of displacement and strain field inldberatory specimens. With these new
improved lenses, it is time to re-examine some die@dd results in order to assess what can
be confirmed and what should be reconsidered.

1 Introduction

Strain localisation in soils and rocks has beerdistl extensively in Laboratoire 3SR,
Grenoble, for around the last 40 years (3; 5; 6)hds been shown, using strain field
measurement methods, e.g. stereophotogrammettystibar banding can take place in both
contractive and dilative specimens, under eithaingd or undrained conditions. Complex
localisation patterns have been revealed in axisgtmmtriaxial tests using medical X-ray
scanners to perform tomographic studies, allowiog the first time to look inside the
specimens rather than simply at their outer surf@el). These studies, using imaging
techniques that were new at one time, already apeew vistas on the early mechanisms of
strain localisation in laboratory specimens: it dmee clear that the initiation of strain
localisation in specimens undergoing a loading @seavas not properly characterised by the
naked eye observation of the specimen during thte hecause it could only capture the final
gross patterns that can be rather different froeretlrly ones.

In recent years, imaging techniques and image saisalynethods have been improved
significantly, allowing the displacement and stréiglds in the laboratory specimens to be
much more accurately measured. High resolution ctetbtomography (CT), associated
with 3D volume digital image correlation (DIC), atke new improved lenses that have
changed our observation capabilities. Nowadaydppamg in-situ (i.e. inside a tomograph)
triaxial tests on 70 mm specimens of Hostun sartl wivoxel size as small as Hn is
possible. With such a resolution, one single geaitong the 14 million contained in the 538
cm3 volume of the specimen contains on average 836=voxels. Even though this is not
enough to perform an exhaustive survey of the kate® of the individual grains, as
successfully made on 10 mm diameter triaxial spensnof the same sand using our CT
scanner (discrete analysis, Ando et al. (2)), in®ugh to perform high resolution DIC in
terms of continuum kinematics, allowing for a costply new insight of the pre-peak
deformation of granular media in axisymmetric trétests, as will be shown in this paper.
The present study has been performed on standale ledoratory specimens, subjected to
classical axisymmetric triaxial tests under varitest conditions in terms of initial void ratio,
end lubrication, slenderness ratio. The resultshmoompared directly with our 25 year-old
tomographic results published in 1996 (4). The geab check whether early localisation
events can be detected under classical test consljitand, if yes, to try to characterise these
events in detail.



2 Materials and methods

Hostun NH31 sand produced by SIBELCO-France has beed in this study. HN31 is the
present denomination of Hostun RF sand that wad us¢he past by our laboratory. The
characteristics of the two sands are the same:

(info: http://www.sibelco.fr/item_imfnedias/images/ft14 hn31.pdf).

The micro-tomograph used in the study was desigmred] built by RX-Solution, Annecy,
France. The DIC code Tomowarp2 used is an in-hoode developed by Tudisco et al. (7).
The triaxial device was designed specifically fuststudy. The pressure cell is made of PVC,
it can sustain up to 600 kPa (limited pressurerdeoto avoid cell walls too thick that would
absorb too much of the X-ray flux). The loadingnfi& allows platen displacement speed in
the range of 1-25um per second. The nominal specimen diameter andtHeare,
respectively, 70 mm and 140 mm (or 70 mm for skpecimens).

Figure 1 shows the triaxial device ready for ogerainside the CT scan. From left to right,
one can see the X-ray source, the rotation tablevluoh the triaxial cell is fixed, and the
detector. The cell is placed close to the detebtrause the field to be imaged is large
(specimen in its possible laterally expanded camégon).

Figure 1: "Tomotriax _70" setup in the X-ray scanaie3SR

3 Results and analysis

Although the test campaign is still running, andsmite the very time-consuming data
processing steps (tomographic image acquisitionr@aomhstruction, digital image correlation,
strain field computation, resulting 3D images exalmn and rendering) to perform on 3D
images as big as 20 Gbytes each, the image thatlfeasly emerged is the following: early
localisation events are present almost from thenpggy of the loading in all the tests,
including those performed on loose specimens. Theesats are numerous, and for each of



them, the geometrical extension (length of the pasndignificant with respect to the size of
the specimen: typically from one third to one tadlthe specimen’s length, often more. Some
of these events tend to grow in intensity as tldal deformation of the specimen progresses,
some tend to decay. At 20% global axial strainewa $hear bands can be clearly identified,
concentrating all of the deformation process, armble on the surface of the specimen,
visible to the naked eye. Still, the direct obs@oraat the stress peak (about 6% to 8% axial
strain) did not reveal any visible localisation.

lllustrating these results as 2D images can belaigihg, because the very subtle and
numerous early localised events become confused wh@ected onto a plane to produce a
2D picture; 3D dynamic rendering is necessary passe the events, and to understand their
spatial organisation. However, a few images ar@gsed in this paper to evidence the above
statements. They illustrate the test TT70-HN31-Qirformed on a dense specimen,
slenderness ratio 2, non-lubricated ends, testddrutD0 kPa confining pressure.

Figure 2 shows the sequence of incremental dewastiain fields presented as 3D volumes
with transparency in order to reveal the inner oigmtion of the deformation events. Each
image corresponds to a 2% increment of global astrain. As indicated by the lookup table,
dark blue is for zero and intense red for 10% dewia strain. Although difficult to observe
clearly on such 2D projections, early events cagaaly be detected in the first increment.

In other tests, not presented in this paper, it @@erved that such pre-peak structuration of
the deformation process occurs in all the test®opeed so far, including tests on dense and
loose specimens, long and short, end-lubricatetbbr

4 Conclusions

Diffusely distributed strain localisation eventsvbabeen observed from the early stages of
triaxial tests on sand, using X-ray micro tomogsapind Digital Image Correlation. These
findings seem to be rather general: dense and lgmsgmens, long and short, end-lubricated
or not. These events have all the characteristish@ar bands. Should they be considered as
precursors of strain localisation, or as alreadijiea®d localised events? The theoretical
interpretation of these findings presents a nundfenteresting questions to be studied in
future work.
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EDF manages the long term operation of an extersavef nuclear, thermal and hydraulic
power plants. Civil engineering facilities are, @sy concrete structure, subject to ageing
phenomena in association with environmental comaitj operating conditions and potential
internal pathologies. Structure analysis and coatpris require relevant material
constitutive models, which can integrate the inflcee of degradation, damage and ageing
mechanisms. Such mechanisms often occur in poespamore generally at a much lower
scale than the structure scale. This paper exantheesnechanisms associated to chemical
processes. Through dissolution and precipitatibe, latter induce progressive evolutions of
the microstructure. In turn, this microstructurablktion yields variations of the mechanical
behaviour. The changes in the microstructure are the key linking the chemical processes
occurring at lower scales to the mechanical behaab the scale of engineering or structure.
To bridge the scales, micromechanics represent ppeading tool. This paper proposes
applications of cement paste, investigating botiprovement (hydration) and degradation
(portlandite leaching) mechanisms, and also elasitccreep behaviours. As far as upscaling
is concerned, mean-field homogenisation has beed use benefit from its efficient
computations.

1. Influence of hydration on elasticity of cemenpaste

Cement paste and concrete mechanical propertiesage during the first months (and even
years, albeit in a slower manner) due to the hyahrabf cement grains. When cement is
mixed with water, two progressive time dependemicesses start: the anhydrous phases
dissolve and the hydrated phases precipitate. jita&teid materials occupy a larger volume
than dissolved materials, so that porosity decsedden the amount of precipitated hydrates
is enough to establish percolation between the oemins, the material transitions from
liquid to solid (setting). In short, during hydmai the microstructure evolves to a great
extent, and thus mechanical properties also evolve.

To predict the evolution of these properties, aphological model of cement paste has been
built (Figure 1 left). The phases volume fractiame estimated with the Powers model [1] as
functions of thew/c (water to cement mass ratio) which characteri$es mix design
parameter, and of the hydration degse@mount of hydrated anhydrous over initial amount
of anhydrous). Then, for each set of these parametige paste stiffness can be estimated
using homogenisation schemes, from the elastic actenistics of elementary phases
measured by nano-indentation. Predictions of theings modulus of cement paste are
consistent with experimental data at both earlylatelages, see Figure 1 right [2].
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Figure 1 — Left: morphological model of cement pastith AFM image of hydrates precipitated over
an anhydrous grain [Garrault-Gauffinet, PhD, 1988 a SEM image of paste. Right: Comparison of
estimated cement paste Young's modulus evoluti@xperimental results

2. Influence of portlandite leaching on elasticityof cement paste

From the starting point of a mature and sound cérpaste, the influence of portlandite
leaching (progressive dissolution due to a contisusenewal of aggressive, pH<13,
surrounding water) on cement paste stiffness camvestigated [3]. The first step is to
explicitly introduce portlandite in the morphologienodel, separating it from other hydrates.
Even if portlandite can also precipitate, as srolstals are intermixed with C-S-H, only the
large and flat hexagonal crystals are considereel. fidne in-plane size of the latter (>10 um)
suggests to introduce them at the same scale anthelrous grains (diameter ~50 um), see
Figure 2 left. The simplified leaching mechanisno@atéd here considers that each portlandite
crystal can be either sound or completely dissqltedls replaced by a pore. Then, for each
percentage of dissolved portlandite (which couldeseamated from a coupled chemistry-
transport model, as a function of time, positiorsiructure and external conditions), the loss
of Young’s modulus due to degradation can be eséich@igure 2 right).
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Figure 2 — Left: morphologlcal model of cement paseparating portlandite from other hydrates.
Right: estimation of Young’'s modulus loss due tatlpadite leaching

3. Influence of hydration on ageing basic creep alement paste

The previous examples considered the elastic betgwvhich does not involve time, thus

allowing upscaling to be performed on a time byetibasis, working on a “snapshot” of the

microstructure. When the investigated behaviouolves time, such as creep, it should be
done carefully, as time now appears in both mowmujioll evolutions and the elementary

phases behaviour.

Upscaling viscoelasticity has been possible forades, when the microstructure is constant
and phases are non ageing linear viscoelasticksh#tm the correspondence principle [4]

which allows the problem to be converted into aieseiof elastic upscaling problems.

However, when phases are ageing or when microateievolves, only specific cases could



be considered. Bazant’s solidification theory [§]applicable to one of these cases: from an
evolving microstructure, an ageing viscoelastic awsbur is built. Ageing comes directly
from the evolving nature of the microstructure. @htdinately, this evolution is limited to the
precipitation of layers in a parallel arrangement.

Inspired by these pioneering works, a micromeclanextension has recently been made
possible, thanks to a new approach of upscalinghgdmear viscoelastic behaviours [6]. In
short, the idea is to replace an evolving micrastme by an equivalent composite, whose
microstructure is constant but made up of manytificis ageing phases [7]. The ageing
behaviour of each one of these fictitious phasesstablished to be the equivalent of the
behaviour of a domain experiencing phase transfoom&a such as dissolution or
precipitation. Then, the macroscopic behaviourhi equivalent composite is estimated by
considering an ageing linear viscoelastic meamtfrelmogenisation [6].

This method is illustrated on cement paste. Asageroach is still under development, the
adopted morphological model is not as detailedrastlae previous ones. Cement paste is
considered as a polycrystalline assemblage of anhgd hydrates and pores. Initially, only
anhydrous particles and pores (full of water, whishnot considered here: the drained
behaviour is sought) are present. Then, as timeepas, some anhydrous particles are
replaced by hydrates (dissolution followed by ppéation) and some pore particles are
replaced by hydrates (precipitation), see Figurd8&h mechanisms coexist, as, globally,
precipitated hydrates occupy a larger volume thathd dissolved anhydrous.
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The paste ageing compliance functions can thenshena&ed [7]. The classical approach
(blue lines on Figure 4 left) assumes microstruectorbe “frozen” once mechanically loaded,
thus allowing work on a “snapshot” of the microstiure. The new approach (red lines)
considers the whole microstructure evolution dummgchanical loading, thus working on a
“movie” of the microstructure. The inverse of thiastic Young's modulus (green line),
estimated as described in previous sections, isistemt with the initial elastic strain. The
“frozen microstructure” assumption induces importalifferences in the macroscopic
behaviour, as long as the microstructure evohgsifstantly during mechanical loading.

As the upscaling process directly outputs the cetepmacroscopic ageing linear viscoelastic
behaviour, that is the bulk and shear relaxatiorctions of timed, t' (albeit discretized), to
simulate the material response in any mechanicadihg path is only a matter of post-
processing. For example, creep recovery can bestigated, and is found to be qualitatively
consistent with experimental results on cementegp@3sgure 4 right).
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Figure 4 — Estimation of uniaxial ageing basic preecement paste. Left: comparison of approximate

model considering microstructure as frozen onaesstloaded, and model considering microstructure
evolution. Right: simulation of creep recovery apudlitative comparison to experimental results
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4. Conclusion

Degradation or reinforcement chemical processesctfthe mechanical behaviour of
materials, often through microstructural evolutioiibe microstructure is thus the key for
linking chemical processes (such as dissolutioprecipitation) occurring at smaller scales to
the mechanical behaviour at the structure or emeging scale. Once the mechanisms driving
microstructure evolution have been identified, @tisg, from either full-field [8] or mean-
field (as illustrated here) homogenisation, alldtws macroscopic behaviour to be estimated.
Whereas this method can estimate elastic propertiasstraightforward manner, estimating
the ageing creep would require more advanced honigsjeon approaches.
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Physically and chemically coupled models contribtiea better understanding of the
processes at work during sulfate or chloride rgactngress into cementitious materials.
Several reactive transport models for concrete Hepan used for durability of cementitious
materials in chloride [1] or sulfate environmer2${7]. The authors have considered that the
current chemical equilibrium state has been obthileeally. Assuming thermodynamic
equilibrium implies that the chemical reactionnistantaneous, so that the mineral species are
transformed abruptly. However, this behaviour hatsheen observed experimentally [3], [7].
The mineral dissolution/precipitation of the cemagtirates under coupled thermodynamic
equilibrium and kinetic may have a significant ughce [8]-[10]. The modelling of this
phenomenon seems therefore necessary. In addilakneswaran and al. [11] propose to
model the absorption of chloride ions by a surfem@plexation model. This model describes
the binding of the ions on the mineral surface akIiC—-S—H. It would be interesting to apply
this principle to sulfates. Such a physico-chemdssdcription permits overcoming the use of
empirical chloride binding isotherms that can biialilt to assess, especially for concretes
with supplementary cementitious materials.

In this study, a new physically and chemically dedpmodel taking into account multiionic
diffusion, precipitation/dissolution kinetics andriace complexation has been proposed to
predict the reactive transport of ions into satdatementitious materials. The results are
compared to experimental data and numerical psotit@at were previously obtained in the
literature.

The results show good agreements between expeamamd numerical results and better
numerical results than those proposed in the titeeafor sulfate ingress. They also show that
the surface complexation has to be taken into addawrder to reproduce the sulfate amount
peak experimentally observed during sulfate ingriesaddition, dissolution and precipitation
kinetics are indispensable for retrieving the delfamount amplitude and, even, the slow
decay of the sulfate amount after the peak. Fintly model may explain the supersaturation
of the sulfate concentration with respect to effiitan because of the monosulfoaluminate
dissolution and the ettringite (see Figure 1).
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Figure 1. Comparison between experimental and ricele303 profile for two CEM | mortars after
56 days of exposure to 4 g/l of NaSO4 (left) andl®0 days of exposure to 3 g/l of Na2S0O4 at 20°C

(right)

Concerning the chloride ingress, Figure 2 shows pasisons between experimental and
numerical results of the chloride binding capapilitf concretes exposed to NaCl, KCI,
MgCl> and CaGCp solutions. This is distinct evidence that the nuoamodel can be used as

a reliable tool to predict the chloride binding abjity.
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Figure 2. Chloride binding isotherm for an OPC esgabto different solutions (CaCl2, NaCl, MgCil2,
KCI)
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Abstract. Chloride attack and carbonation are the predomiirmkegradation mechanisms
governing the service-life of reinforced concretieictures. In order to evaluate the service-
life of these structures against the penetratiocadbon dioxide, chloride ions and moisture, a
physico-chemical model is proposed. The model lees lweveloped by taking into account
multi-species transfer of aggressive ions, inclgdiiffusion, migration, chemical activity of
ions, interaction between chloride ions and cenpaiste of concrete and convection due to
the exposure conditions. The microstructure evotutdue to the precipitation and the
dissolution reactions during the carbonation predsstaken into account by following the
evolution of the porosity. Several applicationstbé numerical model are developed by
predicting the service-life of a porous concreteecamen exposed to an aggressive
environment containing chloride, carbon dioxide amaisture. Finally, the effects of
carbonation and convection on the estimation of ¢becrete cover are emphasised and
analysed.

Keywords: Degradation mechanisms, Carbonation, Multi-sgeti@nsfer, Moisture, Service-
life

1. Introduction

The service life of reinforced concrete structudepends on many variables among them
environmental ones, such as chloride, moisture Gandon dioxide penetration. The aim of
this work is to develop an original model able &scribe the combined transport of chloride
ions and carbon dioxide under various cycles ofimgtand drying conditions.

Many research works have studied only the effeathdbride transport [PHU 2016], while
others only the transport of carbon dioxide [VILOB]. Recently, a few studies have shown
that for concrete subjected to both chloride iongress and carbonation, carbonation
influences the transport of chloride ions signifitg [MAI 2013]. In this work, a 1D multi-
species model has been developed to study theptdnsf ions in porous concrete
considering the effect of electrostatically intéiaas and chemical activity between ions
[HUC 1923], convection and interaction between gbvions and cement paste of concrete.

2 Numerical modelling

2.1 lonic transport
The transport of ions in pore solution is describenhg the Nernst Planck equation:

Ji = =Di[gradC; + 2E C,grad¥ + Cigrad(in¥;)| + v (1)



wherebp,, ¢;, z, andy; are respectively the effective coefficient of ddion, the concentration,
the valence and the coefficient of activity of tba i. F the Faraday constarR,the ideal gas
constant;T the temperature; the electrostatic potential amdhe velocity of water.

2.2 Carbon dioxide transport

The transport of carbon dioxide is resumed with pigsico-chemical equilibrium which
exists between solid components and the pore saoliutithe concrete [THI 2005]. During the
coupling of carbonation-chloride ions, the porosithanges. This table presents the
equilibrium corresponding to the two aspects of dagbonation process: dissolution of £O
and carbonation reaction, in addition to the evotubf the porosity.

Table 1.Chemical kinetics, thermodynamical equilibriumQiD, transport in concrete and
law of evolution of the porosity.

Chemical kinetics Evolution of the porosity Thermodynical equilibrium
50— 0Scsh
CSH ™ ot [H2C03] = Ky[CO,]
50 = 1 aSCaCO;CSH
CSH ™3 9t [HCO5] = K1 [OH™][H,C05]
50 3 0SsH(gel de silice)
esH at [CO37] = K,[OHT][HCO05]
50 — Ocaomz _ _yo0 1
CaOH, at P 1+§ };I:((:;(Rc(y)_Rp(y)) Kp — [Ca2+][0H_]2

Scaom 1S the amount of portlandite, A& = YvaciChact + Ycaco,Scaco,
R,(1), R, X2 ,h and D are the ~Veaons (SCaon, = Scaon.)
parameters which depend on the AFcsu(Scsu = Sesn)
portlandite. Ke = [OH7][HY]

K = [Ca?*][CO37]

Ky, K1, K,, Kz, Kp, andk, are the equilibrium constants of the carbonati@T@sSyyaci, Cnaci
Sy ,Scsn andAyggy are, respectively, the molar volume and the comagon of NaCl, the
initial and instantaneous amount of CSH and thaatian of the volume due to the
carbonation of 1 mole of CSH.

2.3 Humidity transport

The model adopted for the moisture transport takis account the water released by the
carbonation process. This equation can be derisddllaws:

aSe KeKre aPC RaDva apv MH 0 aSCaOH
—f =21 % grads dSe ——2= =2
ot su, 0S, gradse + Pe 0S, gradse Pe ot (2)

K.\Krey RayDoas Pey ey My,o @nd p, are, respectively, the intrinsic and relative water
permeability, the resistance into the air, the ftoeht of diffusion of water vapor, capillary
pressure, the viscosity, the density and the nmokss of water.

3 Results and discussion

The concrete mixture used in this study has besigaed and characterised by [KHO 2010].
It has the following composition :



Table 2. Composition of the concrete specimen

Materials used (Kgh3) Eco-concrete
Cement CEM | 52.5N 103
Gravel 1037
Sand 0/4 816
Blast furnace slag 310
Ratio E/C 1.65

The initial porositye, was measured and found equal to 15 % and thensmdriwater
permeability in initial state was estimated aro@xdo-2°m2. Chloride binding isotherms are
modelled with a Langmuir isotherm. The concretecspen was exposed to combined
carbonation (2%) and chloride attack (0.5 M) oveyehr of 6h/6h of wetting and drying
cycles. The coefficient of diffusion of ions and £&e calculated as a function of saturation
degree and porosity [BUC 2000], [THI 2005] .The rabdllows predicting the final contents
of all solid phases in the concrete accordingrteeti
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Figure 1. Amount of solid components after 1 ydaest period

The originality of the model lies in the couplinfaarbonation and chloride ions penetration.
The penetration depth of chloride ions is greateenvwe consider the combined transport.
These figures show that for a specific concentnatibchloride ions (sea water for example)
the concrete cover is underestimated when we nieteeffect of carbonation.
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Figure 2. Comparison of the penetration depth tirate ions in the 2 cases



4 Conclusions

« The model is able to describe ions, carbon dioxadd humidity transport into
concrete.

» Porosity decreases due to the precipitation ofitealand silica gel and to the
dissolution of portlandite and CSH. The model ikdb predict the amount of solid
components in the concrete.

« The model predicts the service life of concretee THesults show that if the
carbonation is neglected, the service life of ceters overestimated.
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1 Introduction

The description of a failure process is one ofitbg factors to improve the durability and life
time. Failure of concrete is usually assessed bydbs of stiffness and material strength due
to damage growth associated with microcracks. Teehanisms observed at the macroscopic
scale result from the local fracture process oatgrat the material level. Hillerborg et al. [1]
presented a cohesive crack model where the meethdmebaviour can be modelled by the
local fracture behaviour, as described by a chamstic post-peak stress-crack opening
softening curve. Their model, however, neglectstinge energy dissipation before the peak
load. Many experimental studies have describedrtsffonade to identify the fracture
mechanisms [2] and characteristic size-indepenadenérial fracture parameters, such as the
fracture energy [3] or the relative crack length Jttention is mostly paid to understanding
the size and shape of the fracture process zong) @iead of the propagating crack tip and
the boundary effects on FPZ [5]. Few experimentiadiss have focused their analysis upon
energy dissipation or fracture energy during tlaetiure process [6,7].

In most of the experimental studies cited aboagtéire or damage has been considered either
as the source of energy dissipation mechanismssoth@ development of displacement
discontinuities. Such analysis produce resultshicivonly one type of damage mechanism is
monitored, i.e. damage as a source of energy disipor fracture on the basis of discrete
crack openings. None of these experimental stuchesidered that damage in quasi-brittle
materials such as concrete is governed by two psese (1) high energy dissipation
mechanisms during which crack openings may or may be important and (2) the
displacement discontinuous phase where energypdissns may or may not be important.
Such analysis can only be performed if two techesqoan be simultaneously applied; one
characterising the energy dissipation and the otheonitoring the displacement
discontinuities.

In this paper, acoustic emission (AE) and digitadage correlation (DIC) are applied
simultaneously on bending tests of notched spesm@g parameters, such as events and
acoustic energy, are analysed to determine theygmelease rate and the fracture growth due
to energy dissipation mechanisms. Full-field dispraents are obtained by DIC, where crack
openings are measured on the surface of the speddeThe transition from the energy
dissipation phase to the displacement discontinpiitgise is discussed. A new approach is
then presented to model the local fracture protesed on the transient and steady state
response of a local damage parameter. The transiese indicates the energy dissipation
and the steady phase indicates the crack openexeph

2 Experimental procedure

Two sizes of concrete beams (designated hereaftBrlaand D2) with geometrically similar
dimensions (length and depth D) and one constant dimension (widtlwBje tested. The
cross sectional depths D were 100, and 200 mmecésply, with constant width B equal to
100 mm and the span to depth ratio (/D) equal:10 Bhe beams were notched at mid-span
with a notch length (a) varying proportionally teetsize of the beam (a/D kept equal to 0.2).
The design of the beam followed the RILEM recomnagiach [8].



The DIC method was applied and images were contisiyoobtained during the whole

loading branch. Displacement fields were calculated crack opening were derived. The AE
system comprised of a general-purpose interface(Bus PCI-DISP4 having 4 channels
each). A 3D analysis is performed for the localsatof AE events using 8 piezoelectric
transducers. The details of DIC and AE setup caioined in [9].

3 Experimental results and analysis

The average mechanical curves are presented irreFiguvhich shows the characteristic
guasi-brittle response of a concrete material. Béteaviour is typical and explains the overall
load carrying capacity of the concrete beams. Daffe stages of the failure process of the
beams cannot be assessed by this macroscopic sespon
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As loading increases, the number of AE eveBts (ncreases (Figure 2). The curves show no
or low activity in the initial part, during whiclo&dings are elastic. Afterwards, a smooth
increase inEv can be observed due to a progressive increaskeirdamage. In order to
observe the development of damage and to relatelélielopment of AE events with the
failure process, the AE event raieV| is plotted in Figure 3. It is computed by measyithe
increase in the event number in AE eventv over a very small interval of CMOD
(ACMOD =~ 1 um) as shown in Figure 3.

EV=AEVIAt (1)

whereAt is the corresponding time interval.

Thus, Figure 3 represents the AE event rate or Igirtiee rate of development of new
microcracks during the fracture process of condoefiems. During the initial loadingBy is
very low. Due to progressive microcracking in caterEv increases due to the increasing
rate of microcrack formation. It has been confirnidseveral studies that microcracks are
formed in the fracture process zone and the siZeP& increases as the load approaches the
peak load [9]. It should be noted tHa¥ continues to increase even after peak loading and
immediate subsequent decreasing. The decreasingeségf EV-CMOD curve for each
beam shows the same trend, as shown by the pdstspganent of Force-CMOD curve for
the corresponding beam.

The failure process of concrete involves mechanigfitis various energy dissipation levels.
The stress waves resulting from these energy diseg processes are detected by the
piezoelectric sensors which convert them into iemselectric signals. The AE energ is
plotted in Figure 4. In the pre-peak loadings,is very low and increases smoothly when the
load increases. The dissipation process is progeesasnlike brittle materials which fail due

to a sudden release of potential energy.
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The cumulated AE energy can be related to theuraanergy [7]. Therefore, one can relate
the AE energy release rate to the fracture enezigyase rate or the so-called specific fracture
energy. Thus, the rate of AE Enerdynl) is computed by measuring the increase in the AE
energy AEN) over a very small interval of CMOACMOD < 1 um), as shown in Figure 4.

En=AEnAt )

whereAt is the corresponding time interval.

Three distinct stages of developmentof can be noticed in Figure 5. During the first stag
the AE Energy release raien' increases under the pre-peak loadings. At pead, IBn’
increases suddenly and it further increases duhagnitial post-peak loading&n' becomes
maximum at about 85% post-peak loading. The endiggipation mechanisms thus become
very active near the peak load. These mechanisengsaially centered in the fracture process
zone. It should be noticed that the energy releasdn’ is not maximum at peak load, rather
the peak load is defined by a very sudden increatiee energy release rate. The maximum
value ofEn' is achieved at about 85% peak loading.
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The evolution of crack openings with loading intdevis presented in Figure 6. It can be
observed that during pre-peak loadings, there arerack openings. Thus, displacement
discontinuities are very small and may be in thenfef distributed microcracks near the

notch tip. Crack opening increases almost linearth the loadings during the pre-peak

loadings. The behaviour changes near the peakdoddan increase in the crack openings is
observed in the post-peak loadings.



4 Conclusions

The paper describes the transition between theggndissipation phase and the dis-
continuum phase during the fracture process in rebac Three point bending tests were
conducted; AE and DIC techniques were applied demebusly to analyse the energy
dissipation process and the crack openings, raspictThe AE energy release rate indicates
three phases of energy dissipation. During the &rsl second phases, energy release rate
increases. The first phase ends just before thieIpad; however, the second phase, when the
energy release rate reaches the maximum, endsifjestthe peak load. During these two
phases, the rate of microcracks, as detected byAEh&echnique (i.e. only the microcracks
releasing AE energy), show a similar behaviour.oAlduring these two phases, crack
openings are very small, as measured by the DI@nigoe. In the third (or the crack
opening) phase, the energy release rate beginsd®abke with a corresponding increase in
crack openings.
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Abstract

Characterising mechanical regains that can be rddadue to self-healing of cementitious
materials is difficult and developing models coesidg this phenomenon seems to be a real
challenge because of the coupled phenomena invoBadkral types of models have recently
been developed to numerically reproduce self-hgaimits effects in terms of impermeability
or mechanical regain. A general discussion abdlfthsaling modelling is provided after a
quick review of novel experimental characterisatimchniques and their advantages
regarding self-healing analysis. A comparison ofsoaseopic and microscopic models
highlights some paths that might be followed toi@eh realistic multi-scale modelling of the
self-healing phenomenon.

Keywords: Self-healing; Modelling, Mechanical properties, Btege transport modelling;
Cementitious materials; Environmental conditionglotim-Silicate-Hydrate (C-S-H), 3D
microscope.

Introduction

Cracks in concrete generate important inspectiah rapairing costs, especially for public
services and governments. Some of them can seyiaffsict the durability and the stability
of the structures because entering harmful substacan cause corrosion or leakage. Thus,
using self-healing concrete could permit consideratavings in the costs incurred by
monitoring, restoring or repairing, as well as theirect costs inherent to repair works, such
as traffic jams [1, 2]. Moreover, self-healing s@uas could help the design of structures with
long term durability properties for future nucleaste disposal, for example.

Self-healing can occur naturally, without any parar additive, under favourable conditions
with the continuous or alternate presence of whtedocal restart of hydration [3-5] or
formation of healing products by reaction with #mvironment (mainly calcium carbonate
from calcium in the concrete and carbonate iongatned in water) [6, 7]. Some studies have
reported the predominance of the precipitation ph&mnon in common concrete with a
water-to-cement (w/c) ratio around 0.4 - 0.5. Naltinealing, called ‘autogenic’ healing, has
been observed to be limited to cracks with a makimdth of around 100 — 200 pum [6-9].
Due to this limitation, novel engineered technigbage been developed to maximise healing,
such as embedded capsules/vascular system [10si4¢alcium carbonate precipitating
bacteria [15, 16].

Autogenic healing by further hydration has beerdis by several researchers because of
expected mechanical regains due to the creatiorewf calcium silicate hydrates (CSH) [3,
17-19]. A complete recovery of stiffness can bei@dad by further hydration but mechanical



regain seems very limited when calcite is formed ithe crack [20]. However, the kinetics
and the limits of the phenomenon are not totallgarstood. More experimental tests are
needed to determine the intrinsic characteristfdhi® healing products, with the purpose to
propose predictive models. Self-healing observatiod monitoring, usually performed by
optical microscope on the crack surface, needsetsupplemented by tomography [21] or
non-destructive techniques [22, 23], in order tscdde and quantify the filling of cracks
inside the specimens.

Up to now, only a few models have been developedeszribe the self-healing of concrete.
Some models have been proposed to determine theedheemount of unhydrated cement
particles in concrete specimens considering wifio r@td cement fineness, which underlies
the self-healing potential, or to calculate the antoof healing product caused by further
hydration, considering two crack modes [24, 25]céely, one hydration-based model has
been built to perform micro-mechanical tensile desfter several healing periods and has
shown promising results [26]. A model simulatingtlfier hydration by water release by a
capsule in a crack using water transport theory, ddfusion theory and thermodynamics
theory has recently been developed [27, 28], wthiéecharacterisation of the healing products
of relatively low mechanical properties have beaseased at a mesoscopic scale [29].
However, these models do not reveal which parametainly influence the creation of the
second type of healing products: calcite at thecezir — water interface, whereas it is the
most observed phenomenon. Some recent attemptsbeanemade using reactive transport
modelling at a mesoscale [30, 31].

In this study, a general discussion on self-heatmgglelling is provided after a quick review
of novel experimental characterisation techniquestaeir advantages regarding self-healing
analysis. A comparison of mesoscopic and microscopodels highlights some possible
paths that might be followed to achieve realistigltirscale modelling of the self-healing
phenomenon.

Insights from the use of novel experimental charaetisation techniques

From a general point of view, self-healing speed indially been monitored with the local
crack width measurement 20]. In the past, voluroétfiormation could be extracted by using
X-ray computed tomography [21, 32, 33] and postessing algorithms to calculate the
crack volume aside from the pore volume, and iteligion over time due to healing.
Tomography results could be introduced in the haare into transport models to assess the
potential damage due to the ingress of aggressistances. In a complementary manner,
information over large cracked area can be obtausdg a 3D microscope [32] without
focus preoccupations unlike the classic 2D micrpsc@Fig. 1). After the 3D image
reconstruction, several outputs can be used tativgty assess the healing performance over
zones larger than several dozens of squared cdrtsndVoreover, using apparent volume
calculation or Abott-Firestone curves analysis,d6k-healing phenomenon can be accurately
monitored with minimal human intervention, whichlwopen the way to futuren situ
applications. Besides, investigations have beere denently at a microscale to analyse in
greater detail the basic self-healing phenomen&l 8&age analyses of artificially created
micro cracks can help understand the developmenheafing products which can be
compared to modelling outputs. However, even iisitpossible to identify the healing
products, we cannot be sure of their mechanicgbgatees and their bond with the initial
matrix, especially in characterising the mechanieghin.
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Fig 1: 3D microscope crack filling observation: fégture of some squared centimeters large
zone after healing and, (b) evolution over timegbarent crack volume due to healing for two series
of mortar specimens.

Imaging techniques can be supplemented by nonudtise acoustic techniques. Ultrasonic
techniques are effective methods to monitor headind several developments are ongoing.
Ultrasonic pulse velocity [34] has been found tab@ather good technique to monitor healing
due to crack filling to some extent although it nepymetimes be imprecise for long term
healing cases. More recently, nonlinear ultrast@ebiniques have been developed and their
ability to deliver crack geometric information (evedor very small cracks) has been
investigated [23] (Fig. 2). A recent review papesumes all the ultrasonic methods in use and
highlights their possibilities regarding self-heali[35]. One of the major findings of this
review paper is the lack of techniques devoted toeghanical regain evaluation. Besides
acoustic emissions for self-healing consideratif$)s20], a partially or totally destructive
method, as the specimens need to be reloadedate aeoustic emissions, no other method
has so far been proposed to characterise selfAgealechanical regain.
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Self-healing modelling using hydration models

Several tools have been developed over the lashddscto model the microstructural
evolution of concrete / mortar / cement paste awae from hydration to degradation.



Modelling codes such as CEMHYD3D simulating conerétydration can lead to good
estimations of mechanical properties [36, 37]. & faodels have been developed to describe
the self-healing of concrete. Some models have peeposed to determine the amount of
unhydrated cement particles in concrete specimensiaering w/c ratio and cement fineness
which underlies the self-healing potential [18, 38], or to calculate the amount of healing
product due to further hydration considering twack modes [24, 25]. Recently, a model
simulating further hydration using the water trasrsgheory, the ion diffusion theory and
thermodynamics theory has been developed to deterthe evolution of the filling fraction
of cracks [27]. However, these models do not prenady information about the mechanical
effects of self-healing. The same observation appio more macroscopic models based on
hydration[40].

A first micro-mechanical model for self-healingagamentitious materials has been introduced
by the authors [26]. Healing by further hydratiensimulated using our modified version of
CEMHYD3D called CemPP to understand the kineticd #me potential of the healing
phenomenon for different crack widths, age at dragkand healing period duration. The
microstructure of healed specimens then servedms to the finite element code Cast3M
[41] to monitor the mechanical regains and provekplanations for some experimental
observations. This coupling has been made posbipkextending the CEMHYD3D code to
run different independent modules, each one progighiart of the information necessary to
the coupling with Cast3M, or directly operating tre microstructure. This model provides
very satisfactory results for the development abselary hydration products of CEM | based
cement paste. The localisation of the healing prtsis realistically reproduced as illustrated
in Fig. 3. Numerical micromechanical tests werentperformed on subvolumes of the healed
samples. The evolution of the Young’'s modulus extibery similar trends as observed
experimentally for strength and stiffness regainquickly increases after some dozens of
hours of immersion and reaches a maximum valuelwdaa be called the *healing potential’.

Fig 3: Hydration-based model (CEMHYD3D) healing slation of an initially 10 pm-wide
crack (delimitated by blue dashed lines) create®idgatys and healed within 4 weeks. Filling is due t
the precipitation of portlandite (orange), CSH Jreduminum precipitates (hydrogarnet in green).
Clinkers are colored in brown.

These hydration-based models deserve further dewelot because of their ability to
describe the ongoing hydration taking place in saithe recent low water-to-cement ratio
concretes. However, some points need to be inastig For example, the creation of calcite,
which is not a primary hydration product, whilemay contribute to the mechanical regains.
Secondly, the influence of the crack width may bedied as the dispersion of reactants
should be greater when the crack width increasesiedsing the precipitation probability.
Finally, even though this type of models descrithessself-healing phenomenon realistically
at the microscale, a subsequent homogenisation sloskld be made to obtain mesoscopic
mechanical or transport properties.



Mesoscopic models: mechanical considerations versuspermeability preoccupations

Regains due to healing can be quantified at a reakosvith the use of appropriate models.
Finite element models have been introduced to ohbtdormation about the localisation and
the global mechanical properties of healing prosluasing backward analysis from
experimental bending tests (loading -unloading goe-cracking and then reloading after
healing)[29, 42]. Interestingly, due to the initslffness regain development coming before
strength regain in bending (and a two-slopes behavilustrated in Fig. 4), these models
suggest that healing may primarily develop nearetkternal surfaces of a specimen. These
predictions are supported by recent experimentatfations or similar numerical models
[40]. Although these numerical and experimentaleobations were developed in the scope of
tiny microcracks of some microns, it is worth ngtithat they tend to circumvent logical
assertions stating that the smaller the crackiasier the healing.
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Fig 4: Experimental and numerical loading curvesimdrical curves from the mesoscopic
model display various shapes depending on theisat@in of the healing products.

Apart from these mechanical considerations, reactiansport models have recently been
introduced for permeability preoccupations [31].0ligh these models can be classified as
mesoscale models, their aim is to describe thadgephenomenon in single cracks by taking
into account the different phases, however they bwyleveloped for multiple cracks. For
this reason, they could also be classified as nsaate models. Considering calcite
precipitation as the main responsible agent foucedy the permeability associated with
healing, this model focuses on the reaction betveadsium ions leaching out of concrete and
carbonate species located in the water penetratinghe crack. Thus, the main interest of a
reactive transport model for self-healing, and mgemerally for civil engineering, is to
consider the relation between a structure andntg@ment. Self-healing may be described
as a phenomenon decreasing transport propertiesi€pbility, porosity, diffusivity). The
authors have shown that the compositions of both d¢bncrete and the water are of
importance regarding ionic species susceptibleetxctr This type of model seems very
promising as it can describe some key featuresrobdeexperimentally such as the end of
healing (which can be attributed to a drastic Igualosity decrease stopping ionic diffusion)
and the eventual redissolution of healing produrtder specific conditions such as water
flow.

Routes to multi-scale modelling of the healing pheamenon

Several paths emerge to further develop numerltalacterisation by developing multi-scale
approaches. Homogenisation of hydration-based mieohanical regains may be relatively



straightforward and could be compared with both asespic models fitting experimental
curves and, eventually, micromechanical tests pmdd on cement pastes. However, as
predicted by mesoscopic models and observed exeetalty, healing is highly space-
dependent: calcite precipitates mainly at the serfaf specimen, whereas other healing
products responsible for mechanical regains caciptate inside the crack. Therefore, even
if coupling hydration and calcite formation seenighly desirable, experimental work is still
needed to determine the influence of calcite pratipn on mechanical regains,
differentiating between compressive and tensilbesrding in terms of strength and stiffness.
Finally, geometrical preoccupations may be an issoeonly for the localisation of the
healing products but also their geometrical archites and development which may influence
their bond with the original matrix (for examplenp plate-like portlandite sheets bond with
the matrix is relatively fragile [43].

Conclusions and perspectives

In this study, recent insights concerning the bkelling phenomenon from novel

experimental techniques have been briefly preseritbeir relevance concerning modelling
has been highlighted. Modelling techniques appicedelf-healing have then been reviewed,
differentiating hydration-based models and mesasa@gains-oriented models. Despite their
promising results, this study also points to sorheheir deficits due to the experimental
shortcomings. Finally, some routes have been peapdsr future self-healing modelling,

developing fully coupled permeability-mechanics msd
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Part |
Nature versus Technology or (rather) Paradigms vs Evolving Sciete?

Until very recent times, mathematical modelling ha®n limited to the description of pre-
existing materials. The simplifying assumptions ethivere the basis of engineering in the
Industrial Revolution became a paradigm of sciiendind technological thought.

The assumptions conjectured by the founders of mmo@mgineering sciences (Cauchy,
Poisson, Navier, Maxwell, Piola, etc.) were so deepoted in the minds of scientists and
engineers that they became first basic doctrinetlagr paradigms.

MISSION STATEMENT:to select the desired behaviour of a material bgmaef the choice
of its governing equations, and subsequently tahggise and manufacture a micro-structure
or a complex multiphysics system whose behaviousugably described by the chosen
equations.

EXAMPLES OF POSSIBLE IMPLEMENTATIONS OF THE MISSIOSTATEMENT:

* To find a material which is able to damp mechamgailations by means of a granular
microstructure or by transforming mechanical energg electromagnetic energy via
piezoelectric transduction.

* To find a material which exhibits, at least in sodieections, a large ratio between
weight and fracture toughness.

* To find a deformable porous material saturated byekectrically or magnetically
active nematic fluid, to enhance Darcy dissipattoncontrol the propagation of
electro- or magneto-nematic waves.

* To find an adaptive material endowed with an embddsensing system activating
variations in mechanical constitutive parameters;eixkample: a beam with a section
moment of inertia that can be modified by the abumadriven by mechanical wave
propagation or by an electrical signal, or othemndki of smart materials for bone
fracture repair purposes.

e To design a multi-scale fabric constituted by a nibdite substructure whose
deformation energy depends on n-th gradient oflatgment field, and to exploit
these structural elements to form materials exhipihon-standard dispersion effects,
possibly including frequency band gaps.

e To find a material constituted by nearly inexteftesifibers which is able to resist shear
and elongation by storing deformation energy infdren of fiber bending energy.



Scientific paradigms

As stated by Thomas Kuhm [1], scientific theorigpexience periodically a stagnation phase
in which they are stuck dealing with paradigms tieate to be overcome to correctly describe
novel phenomenological evidence.

The exclusive use of either discrete or continungslels, depending on the context (the
former for granular systems), may well be one esthparadigms.

Continuum mechanics, in turn, has its own paradigms

* The paradigm of continuum models

» The subparadigm of Cauchy continua

» The sub-sub paradigm of hyperelastic continua

* The sub-sub-sub paradigm of linear elasticity
A more general paradigm is that of Microstructu@ehtinua, introduced by Piola [2], and
developed by scientists such as Cosserat, Ming8tingen, Sedov.

An unavoidable question

Today, we are used to the following procedure: bgmg the homogenised form of
microstructured systems and then discretizing ttegyain in order to perform numerical
investigations. Computational advantages are drucia

There is no scientific designing without accuratemfitative previsions.

Therefore, a model producing equations theoreyicadirrect but practically impossible to
solve is technologically (and scientifically!) attlle significance.

A celebrated example

Copernican system was not more accurate than Paaersystem: they both made
assumptions of circular orbits and in principle &kmematically equivalent.

But Copernicus' algorithm was simpler! ([3,4])

Part Il

Granular materials
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Generalised Continua and Granular Materials

The macro-scale behaviour of granular materi:
significantly influenced by the behaviour at

micro-scale. The latter involves not o
displacements of the centroid of the grains bud
their rotation [5].

Generalised Continua and Granular Materials
As usually occurs when there are diffe
interacting length-scales, granular materials cz
adequately described by means of genere
continuum models, i.e.: models in which
deformation energy depends on the objective
of higher gradients of the placement.

Computer-aided experimental validation

Computer-aided manufacturing can be used to demighperform experiments for model
validations and verification.

In particular, 3D-printing allows a very high preicn and reliability at the micro-scale while
being relatively cheap.

This can be exploited in two ways:

1. 3D-printed disk assembly

3D-printed disk assembly can be realised in ordeeproduce the experiments performed in
[6]. This will fasten the testing process, and wilow great flexibility in the choice of disk
sizes and shapes (circular, elliptical and polydjonand disk-pair interfacial behaviour
controlled by overlap/spacing.

2. Randomly distributed mass-spring systems

A promising use of 3D-printing is connected witle ttandomly distributed systems of masses
and springs studied in [7]. Grains interaction pa#ds, close to the reference configuration,
can be reproduced in this way also when very higtdglinear local potentials have to be
considered. The 3D printer can indeed produce sheethich grains arknked with rods of
suitable length, thickness and shape, so as taipedithe desired local potential.



Numerical shear test on a randomly distributedesysdf masses and springs (strain energy
density is shown in color map).
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Improving the mass-spring model: mass-spring systeam be enriched in order to enlarge
their range of applicability to granular materials.

Indeed, if the springs are always in place, the ehadl able to just account for small
deformations around a configuration in which grains pre-compressed.

Instead, if one includes the possibility that bbtiear and rotational springs disappear as a
consequence of the deformation, the model can atcfou a larger class of kinematic
behaviours, including cases in which the contaetrigrain interaction is lost.

Destruction of a grain:

¢,

Losing interactions leads to a second gradient motle

The homogenised limit of a lattice system in whathfirst neighbours are interacting is a
classical Cauchy continuum model.



It is interesting to notice that, whether interags are lost in a certain (selective) way, what
remains has a homogenised limit which is a panpgcasecond gradient continuum model

[8].
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