Fragile granular jamming
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We demonstrate experimentally that the route to a jammed &a a set of bi-dispersed frictional disks,
subjected to uni-axial compression from a random initighnmmed state, consists of a consolidation state, a
fragile jammed state, and finally a rigid jammed state. Indbesolidation regime, the pressure on the sides
increases very slowly with the packing fractignand there are no detectable stress chains. In the fragile
jammed state, stress chains are visible, the pressureasesexponentially with, and the fraction of moving
disks drops exponentially. Eventually, a final regime whgagicle displacements are below our resolution and
the pressure varies approximately linearly witis reached. We argue that this scenario is generic for atiderm
frictional compressed particles.

PACS numbers: 64.60.-1,83.80.Fg,45.70.-n

When loose granular matter is progressively compressed texponential rise” o e?/X? . Eventually the pressure deviates
higher packing fraction®, the material stiffens at a critical from exponential behavior and scales linearly with respect
packing fraction¢. owing to development of inter-particle the packing fraction® o« ¢. When decompressed and com-
constraints - the system is then said to be jammed. This trampressed again, however, the intermediate region with expo-
sition from an athermal, particulate gas to a disordereid sol nential scaling disappears and one recovers the appraximat
has been related to the behavior of a wide variety of materiallinear scaling [10]. The exponential increase in the pnessu
including glasses, foams, and colloids in a unifying phaae d is reflected in an exponential decrease of the mean and vari-
gram proposed by Liu and Nagel [1, 2]. From the perspectivance of the domain size enclosed by stress chains above a cer-
of real granular materials, however, the effects of int@rtiple  tain cutoff and in an exponential decrease of the variance of
friction on the jamming scenario have not been widely consid particle displacements and of the fraction of particles imgv
ered [3]. On the contrary, to allow better comparison withmore than about 1% of a particle diameter. Our measurements
the frictionless model, various empirical protocols sush a demonstrate that there are three regimes of frictional jargm
mechanical shaking, repeated cycling, or high-pressume co during the first lateral compression: a consolidation regim
paction (useful for relatively soft deformable particléslve  where particles move freely; @agile jammed region where
been introduced in experimental systems to help break dowpressure increases exponentially, particle displacesmiaet
weak frictional contacts. Nevertheless, friction can @ajg- come smaller and less frequent, and a stress chain network
nificant role in such materials, many of which are technelogi forms; and finally a fully jammed state with approximately
cally relevant (as in the compression and sintering of caram linear dependence of pressure on area fraction, very sisall d
[4]). Itis thus important to understand the full impact atfr  placements of bulk clusters, and an approximately statsst
tional contacts without resorting to mechanical vibrat@mn chain network. Measurements were also performed on disks
repeated cycling whose effects are difficult to quantify. machined with varying friction coefficients (Lexan, Teflon,
and photo-elastic disks coated with graphite dust). The in-
jamming transition, such as power-law scaling of the pres_.termediate regime with an exponential riseHwas observe_d
sure P and of the mean coordination numbgr with in- in all measurements over the same range of pressure, with ex-
creasings [5], and a maximum in the pair-correlation func- PONeNtsxp varying with the material bulk modulus. These
tion [6]. Given the unquantified mechanical vibration, cy- €Sults will be discussed in detail elsewhere.
cling or highly-plastic deformation employed in the experi Experimental set-up —Figure 1 shows a schematic of

mental work, an analysis of results that are strictly att®/m e experimental setup. The system consists of a bi-diepers
are We_akIy deformed_durmg compression, and that fully mang,ixture of 950 large (diameteb = 0.9525 + 0.0025 cm)
ifest frictional effects is called for. and 950 small (diametet = 0.635 & 0.0025 cm) polymer

In this Letter, we report a quasi-static experiment acrosslisks of thickness 0.508 cm that are bi-refringent undessstr
the jamming threshold, performed on a two-dimensional bi{photo-elastic). The disks are placed in a chamber, with di-
disperse system of photo-elastic disks. We show that the premensiond. = 25.9 cm andiV = 48.2 cm where L is the com-
sure scaling is remarkably different between the first atid su pression direction, consisting of two glass plates hel@®.6
sequent jamming cycles. In the first cycle as the system’sm apart by means of an acrylic frame that runs along the
boundaries are moved in to achieve an increasingly tightesystem’s perimeter. Two movable boundaries are placed on
packing, the pressure exhibits a short ramp followed by arhe acrylic frame with aluminum plates that can slide back-

Experiments [5, 6] have confirmed many features of th
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FIG. 1: Schematic of the experimental setup. The systemigtsns
of 950 large and 950 small disks (ratio of radii 1:1.5). Twowmno
able boundaries at opposite ends control the system'’s g éiac-
tion. Force sensors labeled A through F in the schematic uneas
the boundary pressure. The image is contrast enhanced atata f
¢ = 0.8113.
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and-forth within the chamber from opposite ends. The trans-
verse boundaries are held fixed. The positions of the mov- .-..;.-f-,--..-,‘--..'."'”',
|
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able boundaries is controlled by two micrometers with a pre 0.802 0.804 0.806 0.808 0.610 0.812 0.814 0.816

cision of 0.001 cm. Taking variations in radii into account f o

he given system of 1900 disks, this translates to a pretisio : : i .

t - 5. . . FIG. 2: (Color online) (a)P vs ¢ - linear scale - for the first (solid
A¢ = 1> 107" in the packing fractlo_n, and hence SerVescircles) and second (solid squares) jamming cycles. Thsspre
as the lower bound on the quasi-static step-sixe)( All  gcaling is gradual for the first cycle as compared to the mbrep
measurements reported in this letter, however, were magle atransition during the second cycle whese is indicated. The inset
quasi-static step-size &¢ = 1 x 10~%. The packing fraction plots the pressure from all four boundaries (same vertiadlteori-
(¢) is defined as the ratio of the area occupied by the disks tgontal scale). No anisotropy is observed in the pressuresigdb)
the total chamber area. The packing fraction is therefone co £ Vs ¢ for the first jamming cycle - log-linear scale - shows the

. . : : existence of an intermediate regime where pressure sogiesen-
trolled by changing the chamber area in this experiment, ially. The solid line is an exponential fit to the daax e?/X” with

set of six sensors (labeled A through F in Fig. 1) placeq alon » = 0.002, and the dashed line is a linear fit. Valuesfafand s
the boundaries measure the global pressure. The noise flogfe indicated in the plot.

of these sensors is of the order of 0.1 N/m. Along the com-
pression direction, the sensors feel the friction of the mov
able boundaries with the glass bottom, which was measuregiiction (both with the bottom boundary and with each other)
to be about 11 N/m, accordingly this serves as the true zero gfnd the system jams below the random close packed density
pressure measured along the compression axis. Visual meg; .= — (.838. After each quasi-static step, a 10 s time-trace of
surements using a Nikon D-90 camera (12.3 megapixel resg| six boundary sensors is collected at a sampling frequenc
olution) yleld positions and displacements of individuisks of 1 KHz followed by a d|g|ta| image of the whole System_
as well as the stresses inferred from the photo-elastiors&p  The time-averaged value of the trace constitutes the pressu
of the disks [5]. We determined the local disk contacts hgwin measured by the boundary sensor at a particular valuye of
a stress above our experimental light intensity threshadd-( The boundaries are then moved through a quasi-static step
responding to about 1 N) and satisfying local force balancgA¢ = 1 x 10~4), and the procedure is repeated. We do not
constraints. The entire stress chain network satisfiesigalys tap/anneal the system after each quasi-static step —aeis of
constraints and provides a good characterization of the-dis done in numerics— nor do we excite the system vibrationally
bution of local forces to complement the pressure measur@op breakdown frictional effects: we are interested in stngy
ments. the system evolution at “zero temperature” as it occurs unde
Protocol — We initially place all disks in the interroga- the control of a single parameter, namely
tion chamber in random positions and move the boundary Three regimes — The argument for a new, intermediate,
plates to an initial packing fraction chosenpriori to fall  fragile state is best appreciated by comparing the pressyre
comfortably in an unjammed state. The disks are subject taal for the first and second jamming cycles. Figure 2(a) plots
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P from one compression boundary sensor versifsr the R A N S N S

first and second jamming cycles. The continuous increase in

—{80

i
P for the first cycle is qualitatively different from the more 002 70
abrupt change in slope for the second cycle. The lateral shif i oo
in P is a signature of a friction-induced hysteretic response oos

|
which progressively shiftg.. to higher values as the system F
\
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is repeatedly jammed and unjammed (discussed in detail else “’-E

Fo "E
where). The vertical shift irP in the unjammed regime for N OOIi \ 1 ©
the first cycle is traced to the friction between the movable Y\ ‘\\ 1o
boundary plates and the glass bottom. During the first cycle, 005N N S
the boundaries move in and push the disks towards a jammed I \‘\323:34:_;2—_{1;3: 3_£_ﬁ_& 1"
configuration. When unjammed and jammed again, the con- oooglem L L~ I (ﬁi D T e
tacts that were developed at the end of the first jamming cycle ¢
are re-activated, and the stresses build up as the systein-is s
jected again to uni-axial compression. FIG. 3: (Color Online) Mean«)and variance ) of stress chain

In order to better understand the smooth increase for ~ domain area normalized by total area,, a. (left axis) or by the
the first jamming cycle, Fig. 2(b) plot8 versuse on a log- mean area formed by connections between different conbisabf

i | o th distinct . in th 3 disks in a close packed triangular array,, a. (right axis), re-
Inear scaie. ne sees three distinct regimes n the pre§'pective|y. Insets show stress networks and corresporttingains

sure curve. In the unjammed (consolidation reginfe)s  for ¢ = 0.8104 (left) and¢ = 0.8148 (right). The dashed lines
essentially flat, modulo a shallow ramp due to friction be-are fits to a combined linear dependence with a decaying exypiah
tween disks and bottom glass plates. The second regime {see main text).
characterized by an exponential increaseFirbeginning at
¢1 ~ 0.8093. The solid line in Fig. 2(b) is an exponential
fit to the dataP o e?/X» with yp = 0.002. The pressure early with a small slope. Fits to an exponentially decregsin
eventually deviates from this exponential regime and esttl functione /- as shown in Fig. 3 yields the same value of
to a linear scaling® oc ¢ at¢, = 0.8124. The insetin Fig. Xs = 0.00035. The exponential decrease if, anda, is
2 (a) plots P from all four boundaries against on a log- another signature of the fragile jammed state.
linear scale. The remarkably good collapse of the pressure We now consider the behavior of disks displacements. Fig-
curves atop one another strongly suggests that anisobpic ure 4a shows the fraction of disks moving a distance greater
fects arising from uni-axial compression are not detected bthan about 1% of a mean disk diameter [12] as a function
the pressure sensors. This isotropy may result from our gesf ¢ where N,,, is the number moving an@; = 1900 is
ometry for which the aspect ratio is/1V = 0.54 and would  the total number of disks. The fraction is constant at about
probably not persist for large aspect ratios, ig.\V >> 1. 0.3 up to ¢; = 0.8094, after which it decreases rapidly up
This exponential pressure scaling for the first jamming cyto the jamming value); = 0.8123. The decrease is con-
cle contradicts the predicted [5, 7, 8] power-law folacross  sistent with an exponential-¢/X~ with yy ~ 0.001. The
the jamming transition. This power-law scaling (approxi- variance of individual disk displacements(normalized by
mately linear [10]) is, however, recovered for subsequamtj d — (D + d)/2 = 0.794 cm) relative to a state near the
ming cycles as shown for the second jamming cycle in Fig. 2gamming threshold [11] is shown in Fig. 4 as a function of
where¢. = 0.8113 is determined by the point at which  ¢. One again observes two distinct regimes: a linear one that
starts to rise. corresponds to the unjammed (consolidation) regime where
To elucidate the nature of the different regimes that wethe pressure curve in Figure 2(b) is flat, and a second one in
observe in global pressure measurements, we consider la¢hich the variance decreases exponentially witl e~ ?/X-
cal properties of disk configurations, namely the structaire with x, = 0.0007. This exponential drop in displacement
stress chains and the measurements of disk displacementsiriance occurs over the same intervapias the exponential
The identified stress chains enclose domains with no meaegime of the pressure curve in Fig. 2(b) as indicated byithe a
sured stress as illustrated in the insets of Fig. 3. We characows depictingp; andg,. The presence of disk displacements
terize the stress chain networks by the meanand variance in the exponential regime, where a percolating force networ
a,, Of the fractional domain area (relative to the total cellbare already exists, suggests that the particles that are paneof
on the left axis) and also by the meay and variance, of  force network still undergo small displacements and defor-
the domain area but now normalized (right axis) by the avermations, which in turn allows visible displacemémgidethe
age of the area enclosed by a triangular arrangement of smalktwork region, eventually leading to the refining of the-net
and large disks (all large, all small, two large, two small.  work. This picture is reinforced by the data in the inset @f. Fi
indicated in the inset images, the mean and variance decreaé(b) where the difference in the force chain network between
rapidly between 0.810 (the lowest value ®@ffor which we ¢ = 0.8095 and¢ = 0.8105 is shown as black lines and the
could determine the stress chain network) aad= 0.8124.  spatial distribution of the magnitude of particle displaents
For higherp > 0.8124, the mean and variance decrease lin-is also shown: The correlation of new stress chain creation
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Oy 7T T T T sential role in providing the mechanical support leading to

I 1 marginally stable, yet fragile solid. These findings mayde r
04 7 lated to the experiments of Ref.[6] where the pressure shows
r* . 1 a similar smooth rise in a very different system, suggesting
that our scenario is a generic one for athermal frictionat-co
pressed particles.
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ozr Comparing the exponential behaviors of different quagsiti

in the fragile jammed state provides an interesting butrimco
plete part of our work. Since, = 0.00035 measures the
behavior of domain area, a domain lengtk /a,,, would be
expected to have twice the decay constant (owing to the squar
root) or0.0007. This is just the value of,. One might ar-

gue that the global pressure is some average over the network
stress chain, say’ ~ > F./¢, which implies that forces
would increase exponentially withr ~ 0.002 — 0.0007 =
0.0013. It would also be interesting to see if there is any rela-
tion between the intermediate regime and the so-calledinte
mediate phase that occurs in rigidity percolation [9]. Ithbo
cases, a direct and precise measurement of stress chaiit magn
tudes would allow a quantitative test. In any event, the sbbu
exponential behavior observed here experimentally ceytai

s
. | . | | | | ®o0gete _ . | i i
0607 0m08 " 0509 0510 0Bttt calls out for a theoretical explanation.

¢ This work was carried out under the auspices of the Na-

FIG. 4: (Color online) (a) Fraction of disks moviny,,/Nr vs ¢  tional Nuclear Security Administration of the U.S. Depart-
showing constant region far < ¢, and exponential decay fgn, < ment of Energy at Los Alamos National Laboratory under
¢ < ¢ with yny ~ 0.001. (b) Normalized displacement variance Contract No. DE-AC52-06NA25396.

J/J relative to a state near, showing a linear decrease for< ¢
and an exponential decrease with = 0.0007 for ¢1 < ¢ < ¢o.
(c) Image of the superposition of the difference in the strestwork
(black lines) and the magnitude of disk displacements betwe=
0.8095 and¢ = 0.8105 Arrows indicateg; andgs.
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