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Summary A micromechanical study ismade of the relationship between interparticlefriction coefficient L and macroscopic continuum
friction and dissipation in idealised granular materials, using Discrete Element Method simulations with varying . . As expected, mac-
roscopic friction and dilatancy increase with . Surprisingly, dissipation is present even when 1 — 0 or when p — o . Hence, dissi-
pation in idealised granular materialsis not exclusively the result of interparticle friction. The dependence of the dissi pation-rate func-
tion on plastic strains is also investigated.

INTRODUCTION

Granular materials exhibit macroscopic frictional and dissipative behaviour, which usually is modelled by the theory of
plasticity. Currently, there is considerabl e interest in thermodynamic formulations of plasticity theories for geomaterials,
e.g.[2]. Inthese formulations, knowledge of the (Helmholtz) free-energy function and the dissipation-rate function is suf-
ficient for determining the constitutive behaviour, such as elastic behaviour, yield function, flow rule and hardening rule.
The macroscopic frictional and dissipative nature of granular materials seemsto be readily explained by thefrictional in-
teraction between particles at the microscopic contact level. However, experimenta evidence [8] and computational evi-
dence [1] suggests that the macroscopic frictional behaviour isonly weakly dependent on interparticle friction coefficient
u (except for very low p).

The objective of this study is to investigate further the micromechanical origin of macroscopic friction and dissipation in
granular materials, and therole of interparticlefriction herein. The method used isthat of Discrete Element Method (DEM
for short) simulations on idealised two-dimensional granular assemblies consisting of disks. A great advantage of DEM
simulations for micromechanical studiesisthat detailed information is available, such as that on interparticle forces. Thus
it is possible to compute for each state the internal energy associated with the springs that are active between particlesin
contact.

In particular, the following casesare considered: (i) u — 0, (ii) ‘normal’ interparticle friction coefficientsand (iii) u — o .
The first case corresponds to frictionless particles with central interactions for disks (no tangential forces), while in the
third case the Coulomb friction limit is never attained. In the first and third cases the behaviour at the contact is elastic (as
long as the contact is not disrupted) and hence there is no microscopic frictional dissipation mechanism.

DISCRETE ELEMENT SIMULATIONS

Two-dimensional DEM simulations were performed in a manner similar to that of [3]. A linear elastic relationship be-
tween forces and interparticle displacements at contacts has been employed, i.e. f,°= k A7 and f,°= kA[, where f; , f;
are normal and tangential contact forces, Aﬁ, Atc are corresponding interparticle displacements and k,, , k, are respective
stiffnesses. Only compressive normal forces are alowed: if the normal force were to become tensile, the contact is con-
sidered to be broken for cohesionless materials. The tangential forces are limited by Coulomb friction, i.e. ‘ff‘ < pfﬁ .
Simulated biaxial tests employing periodical boundary conditions were performed on assemblies of 50,000 disks. By sim-
ulating additional unloading paths, plastic strains were determined.

EFFECT OF INTERPARTICLE FRICTION COEFFICIENT ON MACROSCOPIC BEHAVIOUR

The results for the macroscopic shear strength and the volumetric strain are shown in Figure 1 for various valuesof p . In
all cases the shear strength shows behaviour typical for adense granular materia with an initial increase of shear strength
until the peak strength is obtained after which softening occurs. In all cases, shear-induced dilation is observed. The vol-
umetric strain and the shear strength (at peak and at large strain) increase with p . Asnoted in [1], the effect of p isfairly
small in the range 0.2 -0.4. Thus, the qualitative behaviour for u — 0 and p — « isthe same asthat for the cases with a
normal friction coefficient. This means that the macroscopic behaviour isfrictional in nature, even when frictionis effec-
tively absent at the microscopic contact level.

DISSIPATION

The dissipati on-ratefunction,-ci) , isrelated to the rate at which work isdone on the assembly, cijéi,— , and the rate of change
of the free-energy function, F, by @ = cijéi,— —F for isothermal systems [2]. Contrary to the internal energy u, the free
energy can not be determined from the DEM simulations. Here we make the assumption u=F, aswas also done in an
experimental study of dissipation in metals[6]. Then the dissipation-rate ® can be determined.

Surprisingly, dissipation iseven present when p — 0 or when p — « . Thusthereis macroscopic dissipation in the absence
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Figure 1. Macroscopic behaviour asafunction of imposed axial strain for variousinterparticle friction coefficients u .

of amicroscopic frictional dissipation mechanism. Ultimately, another microscopic mechanism isaways presentin DEM
simulations asviscous or numerical dissipation. Thefirst is often modelled by acoefficient of restitution. Some dissipation
mechanism is necessary to dampen out (uninteresting) transient phenomena associated with elastic vibrational modes.
In[2] adistinction is made between recoverabl e plastic work and dissipated plastic work. For a“‘purely frictional material’
al plastic work is dissipated. Since simulations of unloading paths have been performed, plastic strains ei”- are known.
Hence the rate of plastic work, cijéip,- , can be determined and compared with the dissipation-rate @ . It is found that for
axia strains larger than 3% (5% for p — « ) these are practically the same. Thus the present, idealised granular material
isa‘purely frictional material’ where none of the plastic work is recoverable.

The dependence of the dissipation-rate function on plastic strains was also investigated. A form proposed in [7] is:
D = N(p)pacég, where p isthe pressure, a, isthe anisotropy of the fabric tensor (or contact distribution function), ég is
the rate of change of the magnitude of the deviator of the plastic shear strain and N(u) depends solely on p . The actual
and the theoretical dissipation-rate functions are compared in Figure 2, with N(u) determined from steady-state consider-
ations. The theoretical relation underestimates the dissipation as observed in the DEM simulations.

DISCUSSION
It has been shown that, even in the effective absence of micro- i e
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shear strength and dilatancy with increasing p .

Further attention must be given to waysin which: (i) the freeen-
ergy and (ii) the recoverable plastic work can be extracted from
the results of DEM simulations. According to [5], for metalsthis

o
o 0o
6000500000°

+
+ ++++
ot

I
IS
T

+ +++
I

o
w
T

Actual dissipation / Theoretical dissipation
o
o

recoverable plastic work is associated with microscopic hetero- 02l ° 53091
geneity. Granular materials are very heterogeneous at the micro- oal 5 b0
scopic level of contacts, e.g. [4]. Y et, the present resultsindicate ‘ ‘ e

o

)
5 10 15
Axial strain (%)

o

that the recoverabl e plastic work issmall.
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