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1. Introduction

In this contribution we examine the flow rule pogulate, a pillar assumption in the framework
of thetheory of plasticity tha regardsthe diredion of plastic strain increment as being indgpendent
of loading diredion. Recent discrete element method and andyticd cdculations have pointed out
tha unde threedimensond (3D) stress conditions the diredion of plastic strain increment does
depend on the loading diredion (Kishino, 2003, Darve and Nicot, 2005. These findings, which
have not receved much attention, question the validity of flow rule premise. In this resped, classc
eastoplastic modds based on this podulate will necessarily have shortcomings, espedaly in ‘true
triaxial conditions Throughextensve numericd simulationsusing a paticle flow modd we verify
that the incremental plastic strain respons not only depends on the loading diredion but also on
stresshistory.

2. Methodology

Firstly, we andyze the incrementa behaviour of a cubic assembly of polydispersed sphericd
paticles subjed to a series of 3D spheicd stressprobes (Aox, Aoy, Ac;) with congant Eudidian
nom of 0.1 kPg seeFigure 1a Prior to the stress probing stage, the spedmen was consolidated to
100kP3g and then sheaed alongthetriaxial extenson stresspath until thefind state, corresponding
to amean dress(p) equd to 100 kPeaand deviatoric stress(q) equd to 60 KPg was adhieved.

The plastic strain respornse unde other stress state conditions readed from different stress
histories (Figure 2a) prior to probe tests was subsquently investigated. One series of tests
comprised of paths moving along the hydrodatic axis to p = 100 kPg then radiating at various
angesin then-plane at condant value q = 60 kPa Henceworking within a sextant of the n-plane,
various radia pahs can be obtained starting from triaxial compresson (TC) to triaxial extenson
(TE) passngthroughvariousLodeanges. Another series of tests refer to theclasscd conventiond
triaxial compresson (CTC) and conventiond triaxial extenson (CTE) tests. In the former, the
confining presaure is maintained congant with increasing axia stresses, whereas in the latter, the
confining presaure is increased with congant axial stress

3. Results

A typicd strain envelope respone generated from the stress probe introducel above is
illugrated in Figures 1b-c. The outer (yellow) surface represents the ‘total’ strain incremental
respong, whereas the inna (orange) surfacerepresents the elastic strain respon®. The (blue) dots
ingde are the increments of plastic strains Differently from wha the pogulate of plastic flow rule
asaumes, theincrements of plastic strain points do notfall onasingleline In fad, these increments
tumn out to be a fundion of both stressincrement (probé diredion and stress state. As such, they
plot as a series of points which clealy define an ovd shgped envdope. Another intriguing fad is
tha al points fal on a plane very close to n-plane and perpendicular to the Rendulic plane (Figure
1¢). Should the plane of plastic strain respong coincide with n-plane in the incremental strain
space this would imply null plastic incremental volume change, tha is, nodilatancy.
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Figure 1. Sheicd sressprobe(a) Isometric view; (b) Total, dastic, and plastic srain envdope
responss; (c) Rendulic plane view. Note: max(A¢) = 1.24x10°.

The results from the series of probetests unde distinct loading histories given in Figure 2a
are presented in Figures 2b-c. We foundtha the incremental plastic strain envdopeis symmetric
about the diredion of the stress path prior to probeonly in the TC, TE, CTC and CTE cases. For
stress pahs aong Lode angles equd to 20°and 409 there is a pronounce deviation of the plastic
envdope with resped to the diredion of previous stress history. This deviation is dictated by the
proximity of the stress probes to the falure surface As such, aong the axisymmetric stress
branches, the plastic strain respon® envedope is boundto be symmetricd about the radia or
previousstresspah diredion as longas the fail ure envelopeis symmetric or no inheent or inducel
anisotropy exists.
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Figure 2. Sresshistories prior to dressprobetests (a) Isometric view; (b) Plastic strain envdopes
for diff erent stresshistories (b) Rendulic plane view.

3. Conclusion

Through discrete element andysis, we showed that plastic strain incremental respon® is a
fundion of stressprobing (loading) diredion, as oppo®d to wha the flow rule pogulate presumes.
For axisymmetric loading cases, the plastic strain envdopewas foundto be symmetricd aboutthe
diredion of the stress path prior to probe For ‘trué triaxial stress paths a deviation appaently
dictated by the proximity of the stressprobes to the fail ure surfacewas noticed. Intriguingly, for a
given sphericd stress probe al plastic respone points fell on a unique plane, presumably
asdated with the zero eigenvedor of the tangent conditutive matrix describing the stress
increment/plastic rain increment map under plastic flow conditions
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