P.Evesque/ Discussion about f-reviewing |_ 5-

Discussion on paper P&G 71-18(1999),
l.e. about test of “BCCW theory”

P. Evesque

Lab MSSMat, umr 8579 cnrs, Ecole Centrale Paris,
92295 Chatenay-Malabry, e-mailpierre.evesque@mssmat.ecp.fr

Abstract :
Testimony #1 was produced to “la Cour administeativAppel” in Paris; so the following correspondenc
iS no more private but open to anybody and carsked by anybody refereeing to it.

Pacs # :5.40 ; 45.70 ; 62.20 ; 83.70.Fn

This experiment (reported in [1] was first settleffer few discussion with JP.
Bouchaud on the BCCW theory [2]. Its results swguti the authors of BCCW
theory.

| presented this experiments at Powders & Grainstimg (1997) and at the 1-
year session on granular matter at KITP Santa Barba

In a first time, | proposed to publish these resulith J.P. Bouchaud who did
not accept. So | send the paper [1] to J. de Pagsigr publication. After few
negative reports, | decided to transform Poudre$i&ins in its new formg
posterioripeer reviewing, to see what happens.

See also the Cates report on this paper.

No comment on this paper was received by the Jbtonaublication. | did not ask

M.Cates if | wanted that | print his report. Nor deked for...

Perhaps this should have been asked by the adratrostor from editors; but | did
not received such a claim. So | considered | coaldprint the reports... till | was
allowed but sending my testimony the Court in 2018ied to discuss the problem
with the administration, ... No answer, till | wastpu “longue maladie d’office for

no reason and without my agreement”.

This is the proof that Administration thinks it ight what ever it does. It is not
acceptable in Science. It breaks safety rules okwwg in labs; it breaks also safety
rules based on scientific management of equipniduntiéar Plants, ...)

References:
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[1] P. Evesque: Stress propagation in granulariand@teaking of any constitutive state equatioratiab
local stresses together by a change of boundadittams, P&G7, 1-18 (1999),

[2] J. P. Bouchaud, M.E. Cates & P. Claudin, ysPhFrances, 639, (1995); and further refs in [1]

[3] http://defense-pierre-evesque.over-blog.com/in general; and  http://www.poudres-et-
grains.eu/datas/suite_affaire_2/3rr-mem-22.4.16-(8A for making public the private peer-
reviewing correspondence.

[4] http://poudres-et-grains.eu/datas/temoignages/TeerhoeditionsCL-23-6-11.pdfpp. 218-230

Probléme du madéle BCCW, rejet d’article surla théorie BCCW :
cf. Poudres & Grains n°7, 1-18, (1999)

Jai1 d2ja relaté dans ma notice de Titres et Travaux 2001 et dans mon rapport cnrs 2011 le rejet
de cet article par le Journal de Physique.

L'expérience que je propose a été montée avec l'accord de JP Bouchaud. Cette expérience a été
exposées au congrés de Powders & Grains 2007, puis au KITP de Santa Barbara, USA| pendant
un mois, sans réellement qu'elle soit discutée par les physiciens présents.

Je ne pense pas que les critiques des réferees soient correctes

Il est malheureux qu'aucune interprétation théorique pour expliquer le résultat n’a1 &té réellement
propposée par les contradicteurs de cet article, voir aussi le rapport de M. Cates.

cf: Titres et Travaux de P.Evesque 2001 (puis suivant) et dans rapport cors 2011 de P Evesque

Tempignaze de P. Evesque 23:6:2011 12

P. Evesgue, Testimony #1, CL MSSMat on 22 Juns 2011 pTA238

ANNEXE 9 du Rapport d'Activité de P. Evesque, CNRS 2009-2018780, reported

from P. Evesque, Testimony #1, at CL MSSMat on 23 June 2011 p.219 to 230, published through
Poudres & Grains

(And transmitted thoough Titres et travaux de Vedfjue - année 2000-200ANNEXE II)

Rapport de peut-étre M. Cates sur un article chercant a critiquer son point de vue
et version corrigée de cet article incluant les régses souhaitées.

First referee: Referee's report on: Experimental Test of Strespagyation... by P. Evesque.
(This report is not anonymous. The author is M. E. Cas.)

The models of [1-3] work in the following way: aagqular assembly is built which is assumed to hanees
"engraved" texture, and an incremental load appliéés propagates by rules determined from theutexteading,
within the simplest models, to a two-peaked loealizesponse. As a result, a load applied to thefttipe assembly
leads to twin localized forces at the base (assumée rough and rigid). An obvious problem witle tipproach is
to decide what happens if one chooses to applffexelit force distribution from the one calculat&tis is
discussed in our recent papers (*), which concthdethis will necessarily lead to some reconstoncdf the
texture. This sensitivity, called "fragile" behawiois closely related to what Evesque means bydking of any
constitutive state equation....by a... change ahbdary conditions".

Turning to the present paper, it is in two paitig; first describes an experiment that was aimeesting the
ideas of Refs.[1-3] and the second is a generalisisson based on previously published experimeasallts.

The experiment did not succeed. A very high commgkatransducer (soft spring) is used. But most éxpaerters
in granular matter insist absolutely on using thedst compliance transducers possible. A soft thacer requires
that any incremental change in stress is accomgdnyie large displacement, and it is very well kndhat this will
lead strong local reconstructions and thereforeptetaly alter the state of stress that is suppgdaeihg
"measured". In this case, the soft transducer ceilyl prevents one from measuring any large, Ipedlstress
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responses that might arise in accord with Refs.[1-3]

On the other hand, the same models predicts tianewver the transducer does not lie on one oftberays"
of force, no reconstruction is needed and negkgibtce will be measured. This is is exactly whae€fjue observes,
although it is not at all what one would normalkpect for an elastic pile on a properly rigid sugip8o the data
could equally be taken as evidence in favor of][1a8 against it! But in reality, because the springpft, it will
always register negligible force, and this experitrigs quite useless at distinguishing one typerefss propagation
from another. Evesque's remark (p.5) that "no peeconclusion can be drawn" is somewhat understsied
conclusion whatever can be drawn by performing suckxperiment.

Turning to the second part, the author appealw/édi-known classical results" on the mechanicalavebur of
granular material. The main point that the authakes is that in such tests the material can belglebserved to
reorganized under the imposed stresses: the plitgsibi‘engravement” of stress propagation rulestiie material
texture is then denied. He is quite correct to pthiis out. However he forgets that in these "dt@d€xperiments”
the stresses are quite enormous compared to thieswan a freestanding bed of sand under grawtyich was the
context for which the models of Refs.[1-3] were deped.

Evesque is entitled to be critical of [1-3] for mii$cussing clearly the range of stresses undeshnich models
might apply. (More recent work (*) shows how toadsish a crossover with conventional elastopldsticaviour at
much higher stresses.) But in fact he does not ra&gustified criticism. Instead he presents thsecas though
these triaxial experiments show the models of [lR8kt be invalid even in their original contextigs not justified
criticism: experiments involving the applicationeformous stresses, which cause obvious reconstrsaif the
texture, cannot provide any useful information @mnag the much more delicate issues of stressagatjon in
sand under gravity.

On the positive side, the paper does make the twollowing valid and important points:

(1) Although the experiment entirely fails to tés¢ nature of stress propagation in granular meélée is,
nonetheless, a valid sense in which it shows "lngadf any constitutive state equation...by an adégchange
of boundary conditions". It does this, in effegt,using a test in which the incremental stress orealsat the
transducer is automatically required to be negdlég{due to the soft spring). This is clearly a cabere the
experimenter chooses (consciously or otherwiseppmse a given value of the stress at the boundattyer
than being able to measure such a stress. Thisschgly covered by the "fragility” arguments imorecent
articles (*).

(2) The models of [1-3], whether or not they arbdvéor poured sand under gravity as proposed (tvingnains to
be fully tested) could easily break down underabmpletely different conditions, involving muchder
stresses, that hold in triaxial soil mechanicssteBut conversely, such tests could well reveal ingthbout
sand under gravity.

As an author of [1-3], | do not wish to deny publiation of rival viewpoints. Indeed, | certainly could not
object to an article by Evesque in which these twoalid points are clearly spelled out. Actually, Evesge's
ideas on the first point have already strongly inflenced our more recent work (*).
However, in the present article these points are nalearly made and remain hidden among a number of
scientifically invalid, obscure or irrelevant discissions. In view of these defects, | obviously cartno
recommend publication of this article in its presehform.

References:

(*) J. P. Bouchaud et al, Models of stress propagati granular media, in: Physics of Dry Granulaedv, eds H.
Herrmann, J-P. Hovi and S. Luding, pp 97-121, Neb series E vol 350, Kluwer 1998; M. E. Cates et@ndmat
9803197 and cond-mat 9803266, to appear in Phys.LlRév and Phil. Trans. Roy. Soc. Lond., respebtive
1998.

Annexe 9, p.2
Note de PE :La qualité de l'article cité, dont je joins la viens corrigée, ne doit pas étre
évaluée pour sa valeur intrinséque (qui est faibtal ne contient aucun élément nouveau pour
un mécanicien) mais parce qu'’il tente de répondne éertain nombre de questions que se pose
la communauté des physiciens a I'heure actueledrasant sur des résultats expérimentaux.

The proposed Article (see also P&(G1718(1999)

Experimental test of stress propagation in granulamedia:
Breaking of any constitutive state equation retatotal stresses together by an adequate charigmuatiary
conditions

P. Evesque
Lab MSSM, URA 850 CNRS, Ecole Centrale Paris
92295 CHATENAY-MALABRY
@01 41 13 12 18% evesque@mssmat.ecp.fr; fax: 01 41 13 12 18
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Abstract:

Stress response of a granular assembly subjedfecedt changes of boundary conditions is

studied experimentally in order to define the Sq@®pagation characteristics and to study theendée

of a constitutive law between stresses. When sfregsagation experiment is performed in a 2d pjle b
applying a local stress somewhere and by meastlrngenerated perturbation, it is demonstrated that
boundary conditions may perturb strongly the exgecesult without imposing the need of a break down
of the constitutive relation so that no conclusian be drawn in many cases due to the lack of
information. In a second part, classical resultgrahular-material mechanics are examined, for whic
boundary conditions are under complete controketresults demonstrate that no simple and single
relationship between local stresses exists in génshich would be imposed by the local structuréhe
granular assembly only. On the countrary, it is dastrated that these results are controlled by the
boundary conditions themselves and that a tiny gaaf them may lead to strong variations in the
incrememental-stress relation; furthermore, in otases, these changes may generate large vasiation
the stress field and can allow to understand p#r#yfluctuations already observed in these media.

Short title: Experimental test of stress propagation
PACS:46.10+z ; 81.05.Rm ; 83.70Fn

Introduction

The mechanics of granular media have been the subject of many studies in recent years [1, 7].
In particular, large interest has been carried on the prediction of the stress distnbution in these materials
and on local stress fluctuations [1-3]. All started by a simple remark of a group (Bouchaud, Claudin ,
Cates, Wittmer, refered as BCCW 1n the following text), which says that if stress tensor g can be defined
easily in a granular material because the intergranular forces are well defined quantities [8], this 1s not the
case for the strain tensor, since the material is made of grains in contact, that these gramms move and shde
randomly on top of one another when deformation proceeds and that the contact distnbution evolves
permanently; in other words, deformation generates so many discontimuties that it makes null the
assumption of confinuity which is needed to define strain.

Rapport d'dctivité de P. Evesque, CNRS  2008-2010 57/80
F. Evesque, Testimony #1, CL MS5Mat on 23 June 2011 p.219235
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Thus, it has been considered by three of these authors (BCC) that the old mechanical approach
[9.10] based on an elasto-plastic mechamical medelling (and hence on strain) was not valid for these
materials [11] and thev tried a new mechanics approach based on stress only. As mechanical equilibrinm
is preserved, it implies that the stress tensor g is symmetric (oij=0ji) and obeys the set of 2 (or 3)
differential equations diva=pg in 2d (or 3d). where p is the density of the material and g the gravity.
However, this is not enough to close the mathematical problem since g has 3 (or 8) independent
components in 2d (3d) ; thus, BCC have assumed also that 1 (3) closure relation(s) between stress
components shall exist to close the problem ; they have assumed that these closure relation(s) are
engraved during building of the pile and are linked to the real contact network ; this 1s why they called 1t
(them) constitutive relation(s). As an example of the existence of such a closure relation, they have given
the example of a silo for which it s often assumed that o, 15 proportionnal to o, (e o =k0,.) [12].

Applying their model to a 2d deep horizontal laver of rods and writing the closure equation in
the form o, =tg" (810, (i 2. k=tg"(8)=c.”). they got [1] that stress obeys the differential equation "o,/ —
tg'(8)°c,/z" =0 (with u standing for xx, xz or zz), so that a stress perturbation shall propagate along two
lines inclined at the angle B compared to the vertical. So, if one applies some force 8F=sda,, localized on
a small portion s located at x; of the top free surface of a horizontal layer of depth b, tlus stress shall
propagates linearly downward in the two directions defined previously and shall generate two local
responses 8F,=6F/2 at the two locations x=x=htg(8) of the bottom surface. Different attempts to

demonstrate this effect have been performed without success, but their resnlts have not been published
[13]

On the other hand, in a first unpublished version of the present paper, the BCC approach has
been discussed in view of different experimental results and of few theoretical considerations . Among
them, emphasis was given on the important part plaid 1) by strain and ii) by boundary conditions [14]. In
particular, classical experimental results on stress-strain behaviour of granular media obtained with
triaxial apparatus was recalled briefly in order to show the role plaid by strain in general and in the case
of a silo in particular [14]; these triaxial results have been used also to prove that an adequate change of
boundary conditions breaks the constitutive relation. Recent Fumour however seems to claim that the
BCC approach is not concerned by the mechanics observed with triaxial tests since this one applies foo
large stresses [15]; one shall not accepr this remark and this objection will be discussed carefilly in the
last part of this paper.

Besides, this previous version was reporting also some results of a 2d experiment which has
been built under the advices of Bouchaud and Claudin to test the propagation of stress in a 2d herizontal
deep layer of rods; this experiment has been measuring the change of stress d0ix,.z=0) at a single point
(x,.z=0) of the bottom laver when a small vertical increment of force 8a,(x.z=h) has been going over the

top free surface. According to the BCC theory of stress propagation which has been recalled above, one
would expect to observe a non zero increase of stress do(x..z=0) when the small increment of stress &0,

Poudres &Qgrains 23, 5-20 (2016)
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is applied in (x= x, =htg(). z=h). As it will be indicated below, this experiment has failed to find the
expected result, since no increase of siress has been found. However, there is a good reason for that, since
the experiment has been biased and since it has been using a very soft spring (i.e. much soffer than the
base supporting the pile) to measure the local siress so that the experiment has been working at constant
imposed stress at (x,, z=0)! Nevertheless. this experiment led to conclude (wrongly, as it will be shown
later) that the closure equation was broken by any change of boundary conditions. And this result has got
a strong impact in the Literature [16, 17]. For instance, the BCC approach has been modified into the
BCCW theory [3], in order to incorporate the notion of fragile matter and to predict the existence of large
fluctations [4]. The fragile matter concept states that the closure equation is “engraved” in the material,
but that 1t breaks down as soon as any even infinitesimally tiny change of the contact distribution occurs;
granular matter has then been proposed to be the archetype of this fragile matter and the closure eguation
has been called also a constitutive equation.

However, the conclusion of the 2d experiment is guestionable indeed as 1t has been asserted
earlier; the reason can be stated as follows: according to the BCC approach, stress g 15 the solution of a
set of partial differential equations which mmcludes the closure equation; so, as any solution of differential
equation, this solution does depend on the boundary conditions and 15 determined by them. Thws if one
wants to prove that the closure relation 1s not satisfied in the present case, one can proceed in two
different ways: 1) either to measure g somewhere and to show that it does not obey the closure equation
or i) to demonsirate that there 1s no solution of the set of differential equations whuch obeys the peculiar
boundary conditions. In the present case, none of these two condifions are satisfied since if exists a

Rapport d'Activité de P. Evesque, CNRS 2009-20158p

Annexe 9, p4

solution of stress g which is compatible with the experimental boundary conditions and with the
experimental data; this will be demonstrated in section 2.

This looks trivial, but I got just a small comment only about this point. This argument turns out
to be important, since it may work also elsewhere; for instance in the case of photoelastic measurement
for which one finds 1) that stress condenses along local pathes and i) that siress paftern can change
abruptly for a tiny mcrease of siress, the fact that a stress path jumps suddenly from one location to
another one does not 1mply the breaking of the average macroscopic constitutive law as it seems o be
assumed implicitly in few recent papers [3, 4, 18].

So, owing to the large impact these 2d expeniments have got in the recent physics literatire
[16,17]. it 15 worth recalling our own data (which are still unpublished) and it 15 worth discussing any
dubious interpretation they lead to. It is also worth recalling few old results obtained with triaxial or
biaxial set up to show how stress-strain behaviour of granular matter can be applied to demonstrate the
breaking of any closure equation by an adequate change of boundary conditions; however, 1t will be
demonstrated that the break down of the constitutive equation when it occurs is smooth, which means that
the break down concerns the small increment of stress and not the complete stress so that constitutive
relation cannot be tested by measuring the law of propagation of an increment of stress.

The paper is built as follows: the first part recall the 2d experiment, its goals and some of the
mam experimental results; the second part shows that these results cannot be used to infirmed the
existence of a stable constitutive relation between the stresses. In the third part, triaxial test results are
briefly summed up to demonstrate that no constitntive relation can survive to an adequate change of
boundary conditions; it will be demonstrated that the break down of the constitutive law concern the
incremental part &g of the stress only, fe this one whose propagation mode should obey the closure
relation, the main part g of the stress tensor still continming to obey to the closure relation at zeroth order
in &g It will be demonstrated that these results are in agreement with recent meanfield approach
proposed in [18]. The end of this third part will be devoted to demonstrate that the triaxal test results can
be applied to granular media submitted to small stresses since some doubf seems to appear about this
point [13].

Poudres &Qgrains 23, 5-20 (2016)
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1- 20 experiments of local loading:

«1-a 2D experimental set-up:

The set-up is sketched on Fig 1. The rectangular pile is a 2d horizontal layver made of parallel
duralomin cylinders of Smm diameter, 6cm long and mp=3.1g mass. with their axes parallel to one
another and horizontal; its internal structure 15 dense (7. e. triangular lattice). This pile 1s confined laterally
between two vertical walls whose normal vectors are parallel to each other and perpendicular to the rod
axes. The pile repose also on two horizontal parallel girders fixed rigidly to the vertical walls, so that the
walls and the girders form an wuique rigid structure, The ends of the rods of the lower row of the pile
repose on the girders, an end on a girder, the other one on the other girder. The distance between the two
girders 15 3.5cm and between the two vertical walls 15 16 cm; both walls lay on a spring balance, labeled
S, and 5,

Local stress can be applied on the top free surface of the pile by loading some weight at a
precise location of this surface. The way stress has been measured at any given location of the bottom of
the pile 15 as follows: if rods of the bulk are cut by half in the direction of their length they can be mserted
in the bottom row of the pile instead of mnitial rods without disturbing the packing and in such a way as
they do not touch the girders (since they are 3cm long and since the distance between the girders is
3 5cm); obviously, they need to be held up in order not to fall down, so that these half rods can be used as
vertical-stress probes if one comnect them to a third spring balance 5, (see Fig. 1) using a small device
which passes in between the two girders without touching them. The balance 57 itself can move up and
down vsing a special carnage in order to adjust its height fo maintain the probe in contact with the pile.
Gluing few half rods together allows to make probes with different test area so that one can measure the
width of any localized response. During the probe mnsertion, much care has been taken to avoid any
perturbation of the internal contact structure of the pile. (And we have checked carefully this point).

Three different spring balances have been needed, two of them are hard, the other one much
softer, its stiffness K=7.33um/z =0.733mm/N. Thus. experiments have been repeated after permutation of
the balances in order to check the effect of the spring rigidity. Furthermore, piles with different heights
varying from H =3em (i & 7 lavers) to H,=11 3cm (26 layers) have been studied and they all lead to
sumilar results, which are not those predicted by ref. [1].

Rapport d'Activité de P. Evesque, CNRS 2009-201%9p
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*1-b  2d experimental resulis:
The experiment consists in measuring the loads S1q, S2g and 534 carried by each balance and
their variations 851(F(x)) . 8525(F(x)) and 8535(F(x)) when an extra-force T is applied at some
position x on top of the pile. If the pile obeys the closure equation assumed in BCC, one shall observe an
increase of 8575(F(x)) 1if F 15 localized at a position x which is related to the position x, of the second
balance 52¢ , according to ¥=x; £h tg(8) as mentioned in the introduction.
However, it turns out that experimental results do not follow this prediction; but they
can be summarized as follows:

{a) if F 15 kept equal to 0, 5., can be adjusted within a given range (05, <5, ) by varying the vertical
position of the middle balance 5, ; it has been found also that the sum S15+520+53 15 constant
for a given pile and depends linearly on the number of lavers of rods forming the pile; it verifies
the relation S1p+520+53 =Mg | where Mg is the weight of the pile and of the structure. The
contact network does not deform when changing 5.,

(b) applying now some extra-force F at some position x on the top, one measures the variations
8515(F(x)) . 8525(Fi(x)) and 853,(F(x)) ; these variations are reported in Fig. 2 as a function of x
for different values of T and different positions of the “soft” scales. So, it is found:

{bt) These results do not depend on the size of the probe.
{bi1) variations 851 o(F(x)) , 852(F(x)) and 8535(F(x)) depend linearly onx andon F
{bii1) this linear dependence of 854(F(x)) depends itself on the position of the “soft” scales
{biv) each set of data satisfies the relation 851g(F(x)) + 8520(F(x)) + 8530(F(x)) =F.
{bv) variations of 851 o(F(x)) , 8524(F(x)) and 853,(Fix)) do not depend on the pile height h.
{bvi) data satisfy never the relationship 8S74(F(x)) =0 or F/2 depending on the position x of the
applied extra-force F, as it is predicted by the theory of ref [1] .
(¢ Furthermore. same experiments have been repeated on oiles with stronelv disordered structure and
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(c) Furthermore, same experiments have been repeated on piles with strongly disordered structure and
lead to the same results; this means that the local internal structure of the pile has little effect.
Furthermore, no evelution of the contacts of the packing structure has ever been observed during
loading or unloading.

(d) No variation of the contact network between the rods seems to be observed when load is applied. as
far as the load 1s small enough and the pile is dense enough; this is true for both the triangular
lattice case and for the disordered ones.

Obviously, these results do not seem to agree with model of ref [1] . But prior to discuss this
with some extend, it is shown first that these results can be mterpreted with classical concepts of
mechanics.

*1-¢ Interpretation of 20 experiments:

A simple way to understand these results is to consider the pile as rigid; this 15 indeed a good
approximation as far as the force S, is not too large so that the grains and the contacts do not move (gff

point d). Consider the pile and the structure which carries it as a whole; this system is submitted to a force
F located in x and to three forces 51, S7 and 53 applied by the scales in x1=0, x2 and x3=L. Furthermore,

as one of the balance 15 soft and the two others are rigid, the force applied by the soft scales remain
constant about. So, equilibria of forces and of angular momenta imply:

F+Mg=51+52+53 (1a)
Fr+Mzi=52x0+53L (1b)

where % 15 the absicsse of the center of gravity. Result (a) 1s explained by Eq. (1a) for which F=0 indeed.
Furthermore, when F 15 not null. Eq. (1) leads to a unique solution if one knows x, F. M %, %7 and one

of the force S;; as the force applied by the soft scales (either S1. 52 or 53) remains constant before and
after the loading of F, one gets from Eq. (1):

if 57 is the soft scales
{ S2=cste, S1=[FL-x+Mg(l-x5)-S2Lx2)JL. S3=(Fx+Mgxs-S2x2)L,
AS1=F(L-x)L ., AS{=F{L-x)L, AS;=0, AS3=FxT} {2a)
Rap
Rapport d'Activité de P. Evesque, CNRS 2009-20160p
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and if' 53 1s the soff scales
| Si=cste S1=[F(E2-x+Maix-ms)+53(L-x2) %2 | S2=(Fx+Mgxe-53L)%2 |
AS{=F(xy-x)xo, AS»=Fxxy. AS3=0} (2b)

Indeed, these behaviours are observed respectively in Figs. 2a and 2b and explain behaviours
(b1}, (bit), (bii), {(biv), (bv), (bwi), () and (d). It means that this approach looks correct.

2- Consequences about stress propagation in the pile :

+2-a can one conclude that stress does not propagate along lines with this experiment?

Let us first take the point of view of the BCC theory which states that stress propagates along
lines. When 57 is the seft balance, everything seems to occur as if point 52 was repealing the stress. On
the confrary, when 57 is a stiff balance, 57 attracts always partly the added stress and the aftracted part
depends on x. 5o, the expenimental results reported here seems to deny the validity that stress propagates
along straight lines: in the present case, the stress may be deviated (attracted or repealed) by some points
when some special boundary conditions are imposed. This was the conclusion reported in the first version
of thus paper; it has been agreed by BOCW in refs [3, 4] so that these authors have modified the BCC
theory in order to incorporate the possibility that the closure relation be quite sensitive to any change of
boundary conditions. Hence, BCCW have solved this problem by introducing the notion of fragile matter
wiuch states that any small change of the contact network breals down the constitutive relation and they
have related the observed results (a-d) to a sensitivity of the contact network to some change of boundary
condition [19].

However, as mentioned in the introduction. the whole argumentation turns out to be wrong
since 1t is not complete for the following reason: since BCC theory [1] respects the basic requirements
of equilibrinm (zero force and zero torque), it certainly cannot lead to results in contradiction with Eq.
(1) and hence with the experimental data. In other words, BCC theory imposes a set of differential
equations wiich includes the constitutive equation, the selution of wluch depends on the boundary
conditions. S0, BCC approach does not impose the bowmdary conditions and the siress field it
predicts shall depend on boundaries. Nevertheless, it can ocour that some set of differential equations
have no solutions cbeying some set of boundary conditions. 5o, if one wants to demonstrate that BCC
theory fails to explain these experimental results, one is faced fo demonstrate that the set of
differential equations has no solution which obeys the experimental boundary conditions (which
include the measured and imposed local forces). This 1s just what 15 done in the next paragraphs.

The set of differential equation to be solved is [20]

(diva=pg . Gu=Co Ox } (3a)
with ¢, =(k.)" “=tg# and with the following boundary conditions:
At the top free surface ozz{x.z=00=0 everywhere except in (x,, z=0) for which gz{x,.z=0)= g, ; 50,
Ozz(x.2=0)= God(u-1,) .
At the bottom, boundary condition Gzz(%,z=h) is unknown except in (x,, z=0) for which agzz{x,.z=0)= a1

i_'t 1s known from ref. [1] that solutions of this problem are of the kind:
Ozl X Z)=0_(¥-coZ)ro{x+cqz)+pgz (3b)
with ¢_ and o are two functions to be determined using boundary conditions. For sake of simplicity, it

will be assumed that the pile has an infinite length. Two cases have to be examined, the first one concerns
the pile with no load on top and supported by the three balances. the second one concerns the pile with
some load on top and crried by the three bances.

* Case a: pile with no load on top:
So, for sake of simplicity, we begin describing pomt a of experimental results. In thus case, the
unloaded top boundary implies azz{x,z=0)=0 whatever x. This condition allows to write &_(u)+s_(u)=,

and to replace one of these functions by the other one in Eq. (3b); so, one gets:
Ozz(X.Z)=0_(¥-CoZ)}-0.(x+CpZ)+pgz (4a)
and hence:
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Ozzix =0, (x-coh)-o{x+cph)+pgh (40

which has to be compatible with results a, which tells that the stress at a precise location can vary at will.
Indeed, this is possible since o_{w) can be written as the infinite sum of the stress field at different points

of the bottom.
0 (s-ch) =2 5 {0, (x+2pch)-peh)} = 2 {peh -0 (x-2pe. b)) (40)

This means that ¢_({uw) has a solution which depends on the stress at a discrete infinite number

of points of the bottom. 5o, the set of differential equation has a solution vmnder the peculiar boundary
conditions of the experiment and theory [1] 15 able to describe the results of the present experiment which
measures one component of stres at the bottom only. For imnstance, let us assume that gzz(x 1) 15 equal to

pgh everywhere except in a given location xp where gp=0 15 imposed; in tus case g.(u) is the sum of

two half cumbs of Dirac function of spatial period A (with A=2cgh) along x, one has a negative amplitude,
starts at Xg+cph and mns towards positive X and the other one has a positive amplitude, starts at X,-cgh
and extends towards negative x. So, this theory [1] 1s compatible with result a.

* Case b: pile with some load on top located ar x,;

If the boundary conditions were equivalent to the mfinite medimm, results given in [1] would
be expected (ie. two increases of stress at the two locations xg-coh and xg+cgh of the bottom). However,
this is not true here where the experiment works with constant stress at some points; in this case, the
expected increase of stress at the bottom location where constant stress 15 imposed shall be compensated
by alocal decrease of the initial stress distnbution. As solutions of a set of differential equations form a
vectorial space, one can use the additivity property and finds the new stress field by applying Eq. (4) to
get the new stress fleld satisfying the boundary condition at these points and to determine the new
function o.{u).

Anyway, one can proceed directly from the general boundary conditions and Eq. (3) to get the
adequate solution: Eq. (3b) with the adequate following boundary conditions | i e gzz{x.z=0)= ggd(u-x,),
for the upper surface leads to

T (ua(u=ogd(u-x,) or  oduw=ogdlu-x,) - o (u) (5a)
so that the stress gzz(x.h)=pgh+o_(x-coh)+0_(x+coh) depends on a unigue function o+{u):
0(x.h) = pgh + Opd(x+c h-x;) +o (x-coh)-0_(x+coh) (5b)
as previously, o (u) shall be determined by the bottom boundary condition: it has always a solution

whatever the distribution of ¢.(x h) is; this one can be written as an infinite series:

o.(xc) = Xiyg {07,(x+2pc.h)-peh- Cod(x+[2p+1]ch -x.)}
or o.(x-ch)= Zp=1 {peh+ 6od(x-[2p-1]c,h -x.)-0.(x-2pc.hh)} (5c)
So, this demonstrates that ¢_(u) has a solution which depends on the stress at a infinite number
of points of the bottom. 5o, the set of differential equation has a selution under the peculiar boundary
conditions of the experiment and theory [1] remains able to describe the results a, b, ¢, d of the present
experiment. Hence, BCC model 1s not so sensitive to change of boundary conditions; this does not mean

in congter part that it 1s a good model for granular material.
Furthermore, one can even imagine some experiment which could be performed on an elastic

material, for which relation gyy=k20z7z is not satisfied, but which leads to two localized increase of the
stress at two points of the bottom boundary when a load is added on a single point of the top free surface,
s0 that this experiment mimics results expected from [1] without the material obeys any closure equation.
The sketch of such an experimental set-up is given in Fig 3.

Thus, is there any stress relation similar to Oy=k2 07z really engraved in the pile structure 7
This 1= still a question under debate at this point; nevertheless, next section shows how one can conclude
no in view of well-kmown classical results on the mechanical behaviour of granular material [22-24].
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3- 3D experiments on granular media:

In ref [1], it is assumed the existence of some closure relationship between the stresses; an
example of such a relation is gyx=k2Gzz. It 15 also assumed that this relation depends on the material
history and characterizes its mechanical state, so that 1t is engraved in the material. Let us make three
remarks, the first one corresponding to the BOCC appreach and its assumption; the second and third ones
concern an experimental test of BCC theory.

R; - as mentioned already. 1) the notion of engravement 1s linked to the exact distribution of confacts in
the pile. and i1) the engravement is supposed to be quite sensitive to any change of contact network: if
some of the contacts moves or change the closure equation is assumed to vary largely, otherwise it
does not change. So, if grains are rigid, the grains shall move and the contacts shall change when, and
only when, the sample deforms; hence the closure relation shall remain constant as far as the sample
does not deform [3, 4]

R if such a closure relation is true everywhere in the pile (with a constant value of k7). it shall be also
true after integration over a given volume [25], so that it shall be valid in mean {j.e. this implies
iy =K1 <0zz=) and incrementally (7 e, <8yy™ =k <80zz>= <tiyy™ =k §<azz=).

R; - there is a well known device called the triaxial cell apparatus which is able to apply such stress fields
in mean; it 1s sketched in Fig. (4a) for which q = <igyy=-<0zz> and p=<dgzz~, so that if gyyx=ky0zz 15
engraved really in the pile, this shall lead to a constant value of g/p=1/k>-1.

(On the other hand, 1t is possible to run this set-up either with 2d assembly of rods [22] or with
3D granular media [23. 24]; it can be run also in different ways, the three more commonly used are very
briefly summed up, but complete information can be found in [22-24] and 1n any text book of soil
mechanics:

I -fest: duning this test, one can keep p=cste and control q tn such a way that the verfical deformation
Ez7=€] increases continuously: the result of such an experiment is sketched in Fig. (4b).

To-rest: this test is mun at constant radivs (ey=ezz) by adjusting the ratio q/p when q is increased; this test
15 called cedometric test.

T;-test: during this test, the ratio g/p is kept constant when increasing (or decreasing) g and p;

T test: many other series of combinations can be used including combinations of these three kinds of
sequences.

-3-a Consequences of triaxial test results on the mean closure relation

We will describe first few statements one can get from these data

Statement 1 existence of deformation. The main result of triaxial test experiments is that changing the
stress distribution deforms the sample so that it generates some evolution of the contact distribution
which denies in turn the possibility of constant engravement as defined byBCCW.

Statement 2: critical state does not correspond fo the case of a constant closure egation: It is also worth
noting in Fig. (4b) which concerns a Ty-test on initially isotropic samples built at different densities
that the ratio g'p evolves continuously from 0 till a constant ratio M is reached. Soil mechanics calls
this ultimate mode of deformation when M is reached the cnitcal state. M does not depend on p and on
the 1nitial density. However, this constant ratio M of stress shall not be understood as an engravement
in the sense of BCCW since it corresponds here to a ratio q'p which remains constant during the
deformation; hence this ratio M 1s not linked to a precise contact network, but it is indeed related to a
constant statistics of the contact distribution. since it has been demonstrated that this one does not
evolve any more when deformation proceeds the sample staying in the critical state.

Statement 3. mean field calculation: It is then worth noticing that last part of statement 2 15 in agreement
with the recent mean field treatment of the stress tensor proposed by Tkachenko and Witten [18] since
this one relates the stress tensor to the mean of the fabric tensor; hence, Tkachenko and Witten [18]
predicts implicitly that the ratio g/'p shall remain constant when the the contact distribution does not
evolve, ie in the crifical state. This was already derived in soil mechanics [260] under similar
approximations so that both approachs are equivalent.

Statement 4 smiooth evolution of g/p most of the rime: It is interesting to note that g/p curves evolve
slowly which implies the evolution of the closure equation to be rather smooth with deformation. This
is in contradiction with the BCCW approach.

Statement 5. incremental closure relation - However, as the stress at the boundary conditions are under
the operator confrol, any increment of stress can be performed. This implies that the incremental
closure relation can be chosen at will and can evelve non smoothly.
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Statement 6: Possibility of a non smooth evolutibthe closure relation in the case of dense pilee
observes from Fig. (4b) that the g/p curves of darough piles exhibits a maximum/g larger
than M for a finite deformation, as deformationg@eds. So, consider the case whetests are
performed by increasing continuously q at congpaawid without any control of the deformation. In
this case, when g reaches the maximuitlge system can no more evolve smoothly , it eamlv
abruptly and the “closure equation” g/p jumps sundiglérom the value @/p to M; large deformation
is generated in counter part.

Statement 7: Jansen modelling of silo is compatitk classical soil approaciSince Janssen theory of
silo has partly motivated the approach proposdd]irit is worth ending by discussing this approach
from an experimental point of view based on tribtést results: as a matter of fact, silo mechaisics
run at constant radius if the silo walls are undwaftble; so, as far as the wall friction can be
neglected, the mechanical behaviour of a granalaapte in a silo shall be quite similar to that one
observed during z2Foedometric test, which operates at constant rattideed, this is well known in
soil mechanics and has been used from long. Ftarios, B-test shows that the g/p ratio reaches a
constant ratio when the load q is increased (s&8-F9 of ref. [24]); this ratio m is different froM
(defined in the Ttest) and is equal to the value found in sile,the Janssen constant &k+m. But
increasing the loading changes the height of th@pt&non-reversingly; this loading imposes the
evolution of the contact distribution and deniesuim the possibility of an engravement of thessre
relation. Furthermore, it has been recently progg$é] a theory based on the rheological laws of
granular material to calculate the ultimate ratio=gn=1/k2-1 and the result fits the dependence of
experimental data as a function of the frictionlan§o, it turns out that the Janssen theory ofisil
compatible with the classical soil mechanics apginoa

So all these triaxial test results are in contrgalicwith the BCCW approach. However, it
seems that few persons [15] try to question thp@gch by limiting the above results to the langess
domain so that the domain of validity of BCCW thegoould be the small stress one. This point is
discussed now.

«3-b Domain of validity of triaxial test:

BCCW theory is aimed at describing macroscopicspilleis means that it concerns piles larger
than 1cm(when particle size is 0.3mm about). Besides, imlarst experiment are performed with

pressure p larger than 20kPa; so, in an experimkete gravity is the main stress generator, onethet

20kPa pressure for piles larger than 1.4m (deisit00kg/m). And one may conclude that it may exist

some range (1cm-1.4m) for which triaxial test ressate not valid and where BCC approach applies. Le

us then discuss this point through few remarks.

Remark 1if triaxial tests are not performed at pressurenplier than 20kPa, it is due to the gradient of
pressure generated by gravity which makes the sarapponse inhomogeneous and the data
imprecise. This is why triaxial test experiments planned in the microgravity program of NASA. In
particular, these results may have some importéordaitur landings on new planets: the LEM had so
long legs because it should take off from the Manod that scientists did not know the softness ef th
Moon soil.

Remark 2however, no anomalous behavior has ever been ddtedtten lowering p till 20kPa and one
may then expect that these results can be extitapldiy continuity at smaller p too.

Nevertheless, better confidence about this extedipol would be obtained if the main mechanisms

would be observed also at very low pressure. Thesa mechanisms are friction and dilatancy;

friction is measured via the asymptotic value @f ¢ffip ratio which is independent of strain and af p

large strain as shall be a friction coefficieng tlilatancy effect is the volume expension which is

observed when increasing qg; this dilatancy effeaetlde observed in most piles at low pressure for

any pile since the critical density above whicbhdturs diminishes with p . Are these facts observed

at low pressure, this is what is discussed inwtertext remarks.

Remark 3:0bviously, phenomena which occur near a free seréae concerned with very small

pressure; this is then the case of experimentéope stability and avalanches. It has been
demonstrated recently that experimental resultsl@pe stability and avalanches are in complete
agreement with triaxial test results [27] obtaim¢darge pressure: both experiments define the same
friction angle and both are sensitive to dilataf&8j; furthermore, in the case of avalanche, dilata
effect has been found to increase (decrease) wiaertygis decreased (increased) which is equivalent
to the increase (decrease) of dilatancy effectrobsieat low (large) pressure in triaxial tests.
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Remark 4indeed, Coulomb [29] has defined the maximum anflepose of a pile as the friction angle
of the granular material and he applied it to lasggess mechanics€. to calculate stability of dams,
embankments,...). Reynolds [30] has discovered tla¢aticy mechanism for sand from an
experiment at 0 stress, but he has generalize@ffieist to larger pressure too. So both these famou
scientists have extrapolated the validity of thesehanisms from small stresses to large stressss, |
in the reverse way as one does currently nowadays.

Endly, let us discuss i) the case of the Jansssorylof silo [12] which helped BCC to build
up their theory, and ii) the case of the stresséipw a conic pile [7] which has been used by them
show how their closure equation works well. Thifl eliow to show that the range of stress wherérthe
theory shall apply is quite large and expands @&y the range of application of triaxial test fesu
Remark 5The Janssen theory of silo can be applied to aledtress in small containers such as 1-cmdiameter
tubes to real silos whose diameter can reach ltGsanibe also applied to the stress ratio in
deep earth (100m or more). So, the stress rangedncerned with spans over 100 Pa (1cm earth
depth) to 100 Mpa ( 5 km earth depth) and the strat$o is found the same all over this range. This
tends to prove that the mechanics of granular nahtemains similar all over this range of stress.
Remark 61n the same way, BCCW have applied their theorfynit the stress distribution in conic piles
[2]; experimentally [7], the pile height rangesrfrdew centimeters to 60cm. They have always
assumed the validity of a scaling argument call&é Re. radial stress field) scaling [31] which
supposes that the mechanics of granular materiaire similar all over this range of stress.

Conclusion

This paper investigates the response of granular materials to different loads in order to examine
the possible existence of a relation between stresses which would be buried in the granular matter during
building in order to investigate the validity of the approach proposed by BCCW [1-4] . The use of triaxial

apparatus has turned out to be quite efficient, since if allows to apply to any stressed sample (Gyx.0zz)
any increment of stress (80yy.00zz) in any direction.

So, 1t has been found using 1) stress averaging and 11) triaxial-test set-up in 3d (or biaxial-test
set-up in 2d) that such relations can be perturbed by any adequate change of boudary conditions.
Furthermore, if the change of boundary condition is continuous, the break down of the closure equation
concerns mainly the incremental (7 e 8 relation whose propagation does not obey the BCCW theory
hence; on the contrary, the constitutive relation between the total stress g is kept constant at first order in
O, So, granular matter does not seem to behave as a fragile matter as assumed in the BCCW approach
which predicts a constant constitutive law followed by sudden abrupt changes, which should exhibit
large stress fluctuations.

Few other important experimental fact can be found from triaxial test data: 1) when incremental
stress e is applied, it induces the deformation of the sample in general; ii) it is worth noting, but this was
not developed in the paper, that different responses are obtained when increment is positive {(Scryy. 6077

or negative (-8cxx,-00zz). All these facts are well described by the so-called plastic theory, but are not

compatible with both the BCC- & BCCW- approaches under examination.

So, as one can perform any stress increment in any direction whatever the applied stress in a
whole range of stress, this denies that mechanics of granular material 15 governed by the burial of some
stress relation. This 15 why the classical appreach which i1s wsed in general to characterize the mechanical
behaviour by some incremental relationship (e=f{story, .8a)) takes its meaning.

At last, on the contrary to what it was thought. it has been demonstrated that nothing could be
concluded from the first 2d experiment, since this experiment was not controling or measuring stress with
sufficient accuracy in enough locations; in this case, the set of differential equation obeving the closure
equation and the static stress balance could have a solution compatible with the boundary conditions.
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Figure caption:

Figure 1: 2D experimental set-up:
Fig. 1a: Stress propagation "according to ref [1]".
Fig. 1b: the structure on which the granular medium laysade of two parallel U-shaped
structure with a void in between them
Fig. 1c rods are laid on the structure; they are 5mm diamand 6¢cm long; probe rods P
are 3cm long and 5mm diameter. This probe is aabijea structure which passes in
the space between the two U and which lays ondhles 2. The set-up lays on two other
scales S1 and S3. Some additionnal weight F mappked at different points of the top
layer; this induces a change of the weight meashiyezhch scales. Two of these scales are
hard, the third one is much softer.

Figure 2: A rectangular pile is carried in three points brethscales (see Fig. 1b). The variation of
response of each scales S1-S1o,(squares), S2+&B2nl¢s), S3-S30 (losanges) when an
overload (M=200g or 50g), is plotted as a functiéthe overload position on the top of the
rectangular pile. The probe is linked to S2 anchégle either of 1 or 5 rods, (see caption title).
The variation of the weight does not depend oririlial values of S1o, S20, S30, nor on the

Rapport d'Activité de P. Evesque, CNRS 2009-20187/p
probe size, nor on the pile height (21 or 27 rageis), but on the position of the less rigid
scales.

Fig. 2a: S2 is the softest-spring balance; this fixes tispoase of S2 to be constant.
Fig. 2b: S3 is the softest-spring balance; this fixes tlspoase of S0 be constant.

Figure 3: how to get a stress which looks like propagatirigri@ two lines" using special boundary
conditions and elastic medium: a soft balance appivo equal forces f at two different
locations of the bottom surface of a material;tgesurface of the material also is loaded by a
small mass m at its center (2f>mg). If the mass maoved away from the top surface and is
placed on the the soft balance, each force f aghpliehe medium decreases of a quantity
™f=mg/2 so that unload mg "seems to have propagdtedtraight line) from the top to the
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bottom. Replacing m on the top surface just incineter forces the applied force mg to
propagate from the top to the bottom and the respanlocalized at the contact points with the
soft scales. However, the inclination of the "ghailine” may be varied at will either by
changing the position of the forces f since ifri&kéd to the chosen boundary condition or by
changing the location where m is placed.

Figure 4: A 3-D granular medium made of rigid grains can defander stress.
Fig. 4a: a typical axisymmetic triaxial test set-up consadta plastic cylindrical bag which
contains the granular medium; it is immersed i@tainer filled with water at pressure
p= = (3 and maintained in between two vertical pistonitvapplies a variable vertical
overload g9 z- [x=(1-(3.
Fig. 4b: Typical results obtained with a triaxial cell, whé8 remains constant. The
mechanical behaviour is summed up by the knowleddee three following parametefs ,
the deviatoric stress g£{- (3) which characterizes the shearing force, théosrstrainy.1
and the volumetric straliv=1+2> 3= z--) x 0r the specific volume v . Typical experimental
result obtained with the same sand packed initiahyropically either at at two different
densities ( dense; loose) . WHeepile is dense, one observes the
dilatancy mechanism which is associated with a bomthe g vsX2.1 curve. One remarks also
the g/p asymptotic behaviour . It is a measurdefftiction angle.
One obtains that the asymptotic valwadepends on p, but not on the initial specific vobum
vo and that the asymptotic value M of q/p doesdagtend on p and vo. The transient
behaviour depends on bothand p.
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