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Background 
 

In a context of fast urbanization and global climate change, civil engineers face critical challenges in 

maintaining sufficient supply of water and energy in an increasingly uncertain environment. 

Geomaterials (sand, clay, rock and concrete) are at the heart of these challenges as they represent the 

main constituent of our natural environment. Their mechanical integrity is highly texture dependent. 

While non-associated hardening plasticity is the general framework of the major constitutive models of 

geomaterials, the relevant internal variables and their evolution reflect the specific texture (grains, 

voids, cracks, slip planes...) of each material remains undefined. The role of particle rotation played on 

material strength and deformation is a mystery yet to explore. They are important missing factors in 

conventional continuum-based constitutive modelling, and have been the focal points of a considerable 

amount of research work for more than three decades.  

In particular, many rockfill dams is being designed or under construction in Western China to utilize the 

vast reserve of clean and renewable hydroelectric energy. Some of them are setting the new world-

record of height in the rockfill dam construction history (for example, the 233m Shuibuya 水布垭 rockfill 

dam). Besides the more recent development in data collection/monitoring and risk management, the 

safe construction and efficient operation of these nationally important infrastructure requires now more 

than ever a reliable scientific guidance, which will be no doubt deeply rooted in improved prediction in 

the deformation and crack developments of these earth structures. It requires an improved 

understanding of the underlying physical mechanisms of granular materials, with rockfill as a typical 

example, often occurring over several magnitudes of length and temporal scales.  Predicting and 

preventing the occurrence of excess deformation and crack-associated damage within rockfill dams is of 

prominent importance to improve the robustness of the dedicated computational tools. 

The project is proposed from this context and sets out to tackle the challenging issue of the multiscale 

numerical simulation of failure in geo-materials. Recognizing the basic properties of granular materials 

are deeply related to the specific kinematics of the grains, it focuses on studying the relationships 

between the micro-scale characteristics of particles and the macro-scale or continuum-mechanical 

features. Particular patterns of granular packing/pattern may be investigated. These patterns evolve 

over a given loading path, due to the fact that grains may slide or may rotate at contacts, possibly 

leading to the opening of the contact (or disruption of the contact). Alternatively, additional contacts 

may be created due to grains moving towards one another. These mechanisms are all of primary 

importance and should be addressed in order to improve the relevance of the modeling of geomaterial 

constitutive behavior. Among them, particle rotations are thought to play a key role. 



Tasks 
 

The objective of this study is to study the influence of particle rotations on the continuum response of a 

granular specimen, with a special emphasis of displacement gradient, including both the strain and the 

rigid-body rotation of the representative volume element. 

Preliminary analyses have already established, under some simplifying assumptions, the equivalence of 

average particle rotation and continuum-scale rigid body rotation. These analyses seem to confirm what 

can be observed from computational simulations based on a Discrete Element Method. In the proposed 

research a comprehensive investigation will be made to investigate this relation, and delimitate the 

conditions of validity. Discrete Element Methods simulations will be performed to obtain the required 

multi-scale information. 

The influence on the average particle rotation and the continuum rotation of the following parameters 

will be investigated: 

 Inter-particle friction coefficient 

 particle shape 

 particle size distribution 

 initial packing density 

 loading conditions 

These numerical investigations will be confronted to analytical developments, carried out to highlight 

the main microstructural ingredients governing such equivalence, and to build a rational framework to 

support it. 

 

Institutional collaboration 
 

The PhD project will be executed within the framework of the international research group GdRI 

Multiphysics and Multiscale Couplings in Geomechanics. The GDRI GeoMech was created in January 

2016, taking place after the GDR MeGe. During its 8 years’ life span, GDR has gathered the main French 

groups involved in the broad field of geomechanics, with a special focus to environmental applications. 

Taking advantage of the existing collaborations and connections that the partners had developed with 

foreign universities, extending the network with an international perspective was a natural ambition. 

The goal of the network (GDRI) is thus to gather and promote the French community in geomechanics, 

to strengthen its national and international visibility. 

Today, the GDRI GeoMech gathers more than 25 partners, coming from countries including The 

Netherlands, Italy, Spain, Canada and China. Structuring the existing community working on Multi-

Physics and Multiscale Couplings in Geo-environmental Mechanics, the main lines of research are: 

 Catastrophic failures and triggering mechanisms 

 Safety of storage reservoirs  

 Energetic geomechanics.  



Indeed, the GDRI aims at sharing and spreading the up-to-date research on the subject, developing 

international collaborations as well as organizing international scientific meetings and other related 

events. 

Specifically, the research will lead to a PhD thesis, to be defended at Southeast University or Grenoble-

Alpes University. Partners in this project are: 

 Dr. Xia Li, Southeast University (China) 

Email: xia.li@seu.edu.cn 

 Dr. Francois Nicot, Irstea, Grenoble-Alpes University (France) 

Email: francois.nicot@irstea.fr 

 Dr. Olivier Millet, La Rochelle University (France) 

Email : olivier.millet@univ-lr.fr 

 Dr. Niels Kruyt, University of Twente (The Netherlands) 

Email : n.p.kruyt@utwente.nl 

The PhD student will be stationed at these institutes for various periods, and will benefit from the 

scientific workshops organized regularly by this international network. The project will be conducted in 

an open and collaborative environment, aimed at maximising the advancement of science and the 

personal development of the PhD student. 

 

References 
 

The following references are suggested for the potential PhD candidates as a relevant (but not 

exhaustive) starting point in the international literature dealing with the topics. 

 

Agnolin, I., and Kruyt, N.P. (2008): On the elastic moduli of two-dimensional assemblies of disks, 

relevance and modeling of fluctuations in particle displacements and rotations. Computers and 

Mathematics with Applications, Vol. 55, pp. 245-256. 

Agnolin, I., and Roux, J.N. (2008): On the elastic moduli of three-dimensional assemblies of spheres: 

Characterization and modeling of fluctuations in the particle displacement and rotation. International 

Journal of Solids and Structures, Vol. 45(3-4), pp. 1101-1123. 

Agnolin, I., Jenkins, J.T., and La Ragione, L. (2006): A continuum theory for a random array of identical 

elastic frictional disks. Mechanics of Materials, Vol. 38, Issues 8-10, pp. 687-701. 

Bardet, J.P., and Proubet, J. (1989): Application of micro-mechanics to incrementally nonlinear 

constitutive equations for granular media. In Powders and Grains, Edited by J. Biarez and R. Gourvès, 

pp. 265-273. 

Bardet, J.P. (1994): Numerical simulations of the incremental responses of idealized granular materials. 

Int. Journal of Plasticity, Vol. 10, n° 8, pp. 879-908. 



Bazant, Z.P. (1978): Endochronic inelasticity and incremental plasticity. International Journal of Solids 

and Structures, Vol. 14, pp. 691-714. 

Biarez, J., and Hicher, P.Y. (1994): Elementary mechanics of soil behaviour, saturated remoulded soils. 

Balkema. 

Cambou, B., Chaze, M., and Dedecker, F. (2000): Change of scale in granular materials. Eur. J. Mech. 

A/Solids, vol. 19, Elsevier Ed., pp.999-1014. 

Cambou, B., Dubujet, P., Emeriault, F., and Sidoroff, F. (1995): Homogenization for granular materials. 

European Journal of Mechanics, A/Solids, Vol. 14, n° 2, pp. 255-276. 

Castro, G. (1969): Liquefaction of sands. Harvard Soil Mechanics series, Vol. 81, Harvard University. 

Chang, C.S., and Hicher, P.Y. (2005): An elasto-plastic model for granular materials with microstructural 

consideration. Int. J. of Solids and Structures, Vol. 42(14), pp. 4258-4277. 

Christoffersen, J., Mehrabadi, M.M., and Nemat-Nasser, S. (1981): A micro-mechanical description of 

granular material behavior. Journal of Applied Mechanics, Vol. 48, pp. 339-344. 

Chu, J., Leroueil, S., and Leong, W.K. (2003): Unstable behavior of sand and its implication for slope 

instability. Can. Geotech. Journal, Vol. 40, pp. 873-885. 

Cundall, P.A. and Roger, D.H. (1992): Numerical modelling of discontinua, Engineering computations, 

Vol. 9, pp. 101-113. 

Daouadji A., AlGali H., Darve F., Zeghloul A. (2010): Instability in granular materials: an experimental 

evidence of diffuse mode of failure for loose sands, Journal of Engineering Mechanics, Vol. 136 (5), 

pp. 575-588. 

Darve, F. (1990): The expression of rheological laws in incremental form and the main classes of 

constitutive equations. In Geomaterials constitutive equations and modelling, F. Darve ed., Taylor 

and Francis Books, pp. 123-148. 

Darve, F., and Vardoulakis, I. (2005): Instabilities and degradations in geomaterials. Darve and 

Vardoulakis Eds., CISM course, Springer Publ. 

Darve, F., Flavigny, E., and Meghachou, M. (1995): Yield surfaces and principle of superposition revisited 

by incrementally non-linear constitutive relations. Int. J. Plasticity, Vol. 11, n° 8, pp. 927-948. 

Darve, F., Servant, G., Laouafa, F., and Khoa H.D.V. (2004): Failure in geomaterials, continuous and 

discrete analyses. Comp. Methods Appl. Mech. Engrg., Vol. 193, pp. 3057-3085. 

Darve, F., and Nicot, F. (2005a): On incremental non linearity in granular media: phenomenological and 

multi-scale views (Part I). Int. J. Num. Anal. Methods in Geomechanics. Vol. 29, pp. 1387-1409. 

Darve, F., and Nicot, F. (2005b): On flow rule in granular media, phenomenological and multi-scale views 

(Part II). Int. J. Numerical Analytical Methods in Geomech, Vol. 29 , pp. 1411-1432. 



De Saxcé, G., Fortin, J., and Millet, O. (2004): About the numerical simulation of the dynamics of granular 

media and the definition of the mean stress tensor. Mechanics of Materials, Vol. 36(12), pp. 1175-

1184. 

Drescher, A., and de Josselin de Jong, G. (1972): Photoelastic verification of a mechanical model for the 

flow of a granular material. Journal of the Mechanics and Physics of Solids, Vol. 20(5), pp. 337-340. 

Hill, R. (1967): On the classical constitutive relations for elastic-plastic solids. In Recent progress in 

applied mechanics, Folke Odqvist Volume, B. Broberg, J. Hult and F. Niordson Eds., Almqvist and 

Wiksell, pp. 241-249. 

Horne, M.R. (1965): The behaviour of an assembly of rotund, rigid cohesionless particles – I, II. Proc. 

Royal Society London, Vol. 286, pp. 62-97. 

Kolymbas, D. (1991): An outline of hypoplasticity. Archive of Applied Mechanics, Vol. 61, pp. 143-151. 

Kolymbas, D. (1999): Introduction to hypoplasticity. Balkema Publisher, 104 p. 

Kruyt, N.P., and Rothenburg, L. (2002): Micromechanical bounds for the effective elastic moduli of 

granular materials. International Journal of Solids and Structures, Vol. 39(2), pp. 311-324. 

Kruyt, N.P., Millet, O., and F. Nicot F. (2014): Macroscopic strains in granular materials accounting for 

particle rotations. Granular Matter, Volume 16, Issue 6, pp. 933-944. 

Lade, P.V., and Pradel, D. (1990): Instability and flow of granular materials, I: Experimental observations. 

ASCE J. Engr. Mech., Vol. 116, pp. 2532-2550. 

Lade, P.V. (1992): Static instability and liquefaction of loose fine sandy slopes. J. Geotech. Engin. ASCE., 

Vol. 118, pp. 51-71. 

Li, X. and Li, X.-S. (2009) “Micro–macro quantification of the internal structure of granular materials.” 

Journal of Engineering Mechanics, ASCE, Volume 135, Issue 7, 641-656.  

Li, X, Yu H.-S. and Li, X.-S. (2009) “Macro-micro relations in granular mechanics”. International Journal of 

Solids and Structures, Volume 46, Issues 25-26, 4331-4341.  

Love, A.E.H. (1927): A treatise of mathematical theory of elasticity. Cambridge University Press, 

Cambridge. 

Mehrabadi, M.M., Oda, M., and Nemat-Nasser, S. (1982) : On statistical description of stress and fabric 

in granular materials. Int. J. Num. Anal. Meth. Geomech., Vol. 6, pp. 95-108. 

Nemat-Nasser, S. (2000): A micromechanically-based constitutive model for frictional deformation of 

granular materials. Journal of the Mechanics and Physics of Solids, Vol. 48, n° 6-7, pp. 1541-1563. 

Nemat-Nasser, S., and Mehrabadi, M.M. (1984): Micromechanically based rate constitutive descriptions 

for granular materials. In Mechanics of engineering materials, Proc. Int. Conf. Constitutive Law for 

Eng. Mat. Theory and application, C.S. Desai and R.H. Gallagher Eds., John Wiley & Sons, New York. 

Nicot, F. (2003): Constitutive modelling of a snowcover with a change in scale. European Journal of 

Mechanics (A / Solids), Vol. 22-3, pp. 325-340. 

http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%236102%232009%23999539974%231537209%23FLA%23&_cdi=6102&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=f0e08c64ac68c19ecd3059aabf3024bd


Nicot, F. (2004): From a constitutive modelling of a snowcover to the design of flexible structures. Part I, 

Mechanical modelling. International Journal of Solids and Structures. Vol. 41/11-12, pp. 3317-3337. 

Nicot, F., and Darve, F. (2005): A multiscale approach to granular materials. Mechanics of Materials, Vol. 

37 (9), pp. 980-1006. 

Nicot, F., and Darve, F. (2006): Micro-mechanical investigation of material instability in granular 

assemblies. Int. J. of Solids and Structures, Vol. 43, pp. 3569–3595. 

Nicot, F., and Darve, F. (2007a): Basic features of plastic strains: from micro-mechanics to incrementally 

nonlinear models. Int. Journal of Plasticity, Vol. 23, pp. 1555-1588. 

Nicot, F., and Darve, F. (2007b): Micro-mechanical bases of some salient constitutive features of 

granular materials. Int. J. of Solids and Structures, Vol. 44, pp. 7420–7443. 

Nicot, F., and Darve, F. (2007c): A micro-mechanical investigation of bifurcation in granular materials. 

Int. J. of Solids and Structures, Vol. 44, pp. 6630-6652. 

Nicot, F., Darve, F., and Khoa, H.D.V. (2007): Bifurcation and second-order work in geomaterials. Int. J. 

Num. Anal. Methods in Geomechanics, Vol. 31, pp. 1007-1032. 

Nicot, F., Sibille, L., and Darve, F. (2009): Bifurcation in granular materials: an attempt at a unified 

framework. Int. J. of Solids and Structures, Vol. 46, pp. 3938–3947. 

Nicot, F., and Darve, F. (2010): The H-microdirectional model: accounting for a mesoscopic scale. 

Mechanics of Materials, Vol. 43, pp. 918–929. 

Nicot, F., Hadda, N., Bourrier, F., Sibille, L., Wan, R., and Darve, F. (2012): Inertia effects as a possible 

missing link between micro and macro second-order work in granular media. Int. J. of Solids and 

Structures, 10.1016/j.ijsolstr.2012.02.005. 

Nicot, F., Challamel, N., Lerbet, J., Prunier, F., and Darve, F. (2012): Some insights into structure 

instability and the second-order work criterion. Int. J. of Solids and Structures, Volume 49, Issue 1, pp 

132-142. 

Nicot, F., Sibille, L., and Darve, F. (2012): Failure in rate-independent granular materials as a bifurcation 

toward a dynamic regime. Int. Journal of Plasticity, Vol. 29, pp. 136–154. 

Oda, M. (1972): The mechanism of fabric changes during compressional deformation of sand. Soils and 

Foundations, Vol. 12, pp. 1- 23. 

Pastor, M., Zienkiewicz, O.C., and Chan, A.H.C. (1990): Generalized plasticity and the modeling on soil 

behavior. Int. Journal for Numerical and Analytical Methods in Geomechanics, Vol. 14, pp. 151-190. 

Radjai, F., Roux, S., and Moreau, J.J. (1999): Contact forces in a granular packing. Chaos, Vol. 9, n° 3, pp. 

544-550. 

Rice, J.R. (1970): On the structure of stress-strain relations for time-dependent plastic deformation in 

metals. Journal of Applied Mechanics, Vol. 37, pp. 728-737. 



Rice, J.R. (1975): Continuum mechanics and thermodynamics of plasticity in relation to microscale 

deformation mechanisms. Constitutive equations in plasticity, A.S. Argon Ed., MIT Press, Cambridge, 

pp. 23-79. 

Taylor, G.I. (1934): The mechanism of plastic deformation of crystals – I, theoretical. Proc. Of the Royal 

Society of London, A, Vol. 145, pp. 362-387. 

Taylor, G.I. (1938): Plastic strains in metals. J. Inst. Metals, Vol. 62, pp. 307-325. 

Tordesillas, A. (2007): Force chain buckling, unjamming transitions and shear banding in dense granular 

assemblies. Phil. Mag. Vol. 87(32), pp. 4987-5016. 

Tordesillas, A., and Muthuswamy, M. (2009): On the modeling of confined buckling of force chains. 

Journal of the Mechanics and Physics of Solids, Volume 57(4), pp. 706-727. 

Tordesillas, A., Walker, D.M., and Lin, Q. (2010): Force cycles and force chains. Physical Review E, Vol. 

81, 011302. 

Valentino, R, Barla, G., and Montrasio, L. (2008): Experimental analysis and micromechanical modelling 

of dry granular flow and impacts in laboratory flume tests. Rock Mech. Rock Eng., Vol. 41(1), pp. 153-

177. 

Walker, D.M., and Tordesillas, A.(2010): Topological evolution in dense granular materials: a complex 

networks perspective. Int. J. of Solids and Structures, Vol. 47, pp. 624-639. 

Zienkiewicz, O.C., and Mroz, Z. (1984): Generalized plasticity formulation and applications to 

geomechanics. Mechanics of Engineering Materials, C.S. Desai and R.H. Gallagher Eds., Wiley, 655-

679. 

Zhu, H., Nguyen, Hien N.G., Nicot, F., and Darve, F. (2016): On a common critical state in localized and 

diffuse failure modes. J. Mechanics and Physics of Solids, Vol. 95, pp. 112–131. doi: 

10.1016/j.jmps.2016.05.026. 

Zhu, H., Nicot, F., and Darve, F. (2016): Meso-structure organization in two-dimensional granular 

materials along biaxial loading paths. Int. J. Solids Structures, Vol. 96, pp. 25-37. 


