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Shear-induced solid-fluid transition in a wet granular medium
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We present a numerical study of a shear-induced solid-fluid transition in wet granular matter. The simulation
is based on a simple model that considers both the cohesive forces induced by the adsorbed liquid amount and
the repulsive forces due to the excluded volume interaction of the granules. Dissipation is assumed to be
entirely due to the hysteretic character of the cohesive forces. In particular, we analyze the dynamics of the
system close to the phase transition from solidlike behavior to a mobile ergodic state under the influence of an
external force fieldF, when the latter exceeds a critical forEg . Diffusion coefficients, dissipation, and
kinetic order parameters can be expressed as characteristic scaling laws.
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Granular matter, such as sand, soil, or gravel, has bedinindamental interest to know what characteristic properties
studied closely by scientists and engineers for over a hundreef wet granular matter can be attributed to which mecha-
years[1-5]. However, since these materials are inherentlynism. In the present study, we assume the grains to be com-
far from thermal equilibrium, attempts to treat granular mat-pletely frictionless, such that all of the dissipation is due to
ter with the methods of statistical physics are comparativelyghe rupture of liquid bridges. . .
new[6—8]. Significant progress in the field has been possible A first analysis of the statics and dynamics of sandpiles
only with the help of modern computef8—19]. shows[22-24 that the addition of small adhesive forces

By far most of the work has been concerned with drybetween the grains causes the site of failure in the bulk or,
granular matter. These systems consist only of elastic bead8l0re precisely, at the bottom of the sandpile rather than at
with some internal and surface friction in the general caseth® surface. On the other hand, several experimental results
However, the much more complicated case of wet granulaghow that the flow in cohesive powders or cohesive piles
material is also the much more important one. Any finiteMainly appears on the tdj25]. Furthermore, segregation of
humidity leads to a thin layer of water on virtually all sur- Mmultidisperse particles is sharply redud@®] and preferen-
faces. Dramatic effects such as soil liquefaction, with devastial clumping of small particles is observed when a small
tating landslides as a possible consequence, are believed Yglume fraction of fluid is added.
be due to the interplay of the liquid with the grain piling e introduce a simple model of wet granular matter,
[20]. vyhu:h aIIowg a quantitative anaIyS|s'0f the underlying par-

As a handy illustration, let us consider a sand cdalg.  ficle dynam|c§. To this enq we consider a c_iensv_e system of
Itis clear that its stability is due to its moisture content, sincdN~ 10" spherical beads with no mutual friction, in a cubic
from dry sand no stable shape can be created. Similarly, st&0x With cyclic boundary conditions. The radii of the beads
bility is lost as well if the sand is immersed in water. It is &€ chosen at random within a moderate rafigeR~0.1, in
thus obviously the presence of liquid-vapor interfaces whictPrder to avoid crystallization. The particles are assumed to be
provides the mechanical stability. In fact, gravitational sheaffictionless with the exception of dissipation effects related
induces no flow at all, since the sand castle will not yield att0 liquid bridges. The characteristic feature of our system is a
any perceivable rate to gravity. This state of the material mayysteretic force modeling the liquid bridges between the
be called solid. If, however, it is subject to a critical shearP€ads{27]. This force is set to zero as long as the center of
force, it starts “flowing,” i.e., yielding to the applied force Mass distanceiX,p,, of two approaching particles of radg,
by changing its shape. This state will be called flgidt to ~ @andRy is larger tharR,+ R, . As soon asix,p=Ra+ Ry, a
be confused with the liquid moistening the graing the  liquid bridge is formed, and the interaction force
moisture content is small but finite, there is a liquid bridge
betwe_en any two grains touching eag:h other, which exerts an Fap=Fo[®(&)—1] (1)
attractive central force upon the grains.

Two possible mechanisms come to mind which may be
responsible for the increased stability of the pile. On the onéds switched on, withé=6x,,/(Ry+ Ry). (&) models the
hand, a shear will entail the extension, and eventual rupturegnutual hard core repulsion of the beads. Continuity at the
of some of the bridges. This energy cost acts against theontact point required(1)=1. Because the repulsion re-
shear and thus stabilizes the pile. On the other hand, thmains effective only on a small interval much smaller than
central force exerted by a liquid bridge presses the adjacettibe liquid layer thickness, the detailed functional structure of
grains together, thus increasing the critical tangential forceb(¢) is widely irrelevant. The only condition is that close to
necessary for overcoming the friction between them. It is ofthe reduced contact distanée 1, the repulsion force should
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increase sufficiently strongly with decreasing particle dis- 0054
tance £. For our simulations, we chos®(¢)=¢ 13— (&
—1)&, ¥ (£9— 1) for <&, and ®(£)=0 for £>¢&, with 0,04+
£0,=1.05, which ensures a differentiable form avoiding nu-
merical instabilitites. The constant attractive force is an ide- 43
alized representation which neglects the curvature of the lig-
uid layers, the roughness of the granules, and all effectss |
related to the conservation of the liquid volurh22,27]. 2
However, the main effect is well represented by this simple
assumption. If the distancéx,, exceeds for the first time 01 metastable solid \
after the collision the critical valuR,+ Ry + R, the liquid

bridge snaps, and the interaction is resetFig=0. The 0,00+ initial rearragements

hysteresis spanning the range betw&r R, and R+ R,

+ Ryt is the only source of dissipation in our model. In our
simulations, we have s&;/R~0.2.

Shear is applied to the system by means of a space depen- FiG. 1. Typical behavior of the total kinetic energy as a function
dent external force fielé(x), which acts upon each particle of time at the critical threshol& . Regimes of temporary solidifi-
individually. A cosine profileF(x) =eF cos(2rZ/L), is cho-  cation alternate abruptly with regimes of global mobility.
sen. The system is characterized by three relative length
scaleqwidth of the radius distributiodR/R~0.1, the maxi- real discontinuities. They become strong but regular changes
mum length of a liquid bridgd;;/R~0.2, and the charac- of the kinetic energy foAt—O0 are observed because of the
teristic length of the cosine profile/R~40, whereR is the  underlying Newtonian equations of motion. We stress the
average radius of the granuleand one relative force scale weight of the cascades by defining the kinetic order param-
F/Fq. In what follows, we sefFy=1. eter

On the basis of this model, we have performed standard .
molecular dynamics simulations with variable values of the () _ Ui N
applied sheaF and found three regimes. At small values on X= tz:o |E(tm1) —E(tm)|"), ¥l
F, we observe a solidlike behavior, where no substantial dis- "
placement of beads is observed. After a short relaxation timgyheren is sufficiently large. As demonstrated in Fig. 2, the
an arbitrary initial configuration reaches a frozen microstategata are in agreement with a power lay” ~|F —F |~ ™,
Dissipation, i.e., the rupture of liquid bridges, takes placegyer more that three decadesFn-F.. The critical expo-
only at the initial stage, and the total number of bridgesnent 5. of the divergence depends, in principle, upon
finally acquires a constant value. The final state is then chaiyowever, as shown in Figs. 3 and 4, it acquires a rather
acterized by small fluctuations of the particles around theigiaple value ofy,/n=0.24 in a wide range=4, . ..,12.
stationary position, whereby energy is conserved. At argg arger values oh favor some few cascades and degrade the

amplitudesF, the system exhibits fluidlike behavior. A con- gtaistics, while the influence of small energy fluctuations
stant rate of bridge formation and rupture is observed. The

trajectory of each individual particle is reminiscent of
Brownian motion at large time scales, and can be well de-
scribed by a self-diffusion coefficient. Clearly, due to the
symmetry breaking with respect to the external field, we
have to distinguish between diffusion coefficieitg, D,
andD,. The most interesting regime is the crossover from
the solidlike regime to the fluid regime, which occurs in the
vicinity of a critical force,F,~0.42. AsF is approached
from below, the system develops a propensity to form ava-
lanches. This can be seen in the mean square displacement
obtained from an average over all beads of one system,
where diffusive behavior alternates with long intervals where
the particles are largely at rest. It is illustrative to plot the 10 T 07 07 00 07 02 03 07 05 05 or
total kinetic energy in the system as a function of time, as F-F
shown in Fig. 1. Long periods of “background” fluctuations ¢
characterizing a quasisolid state alternate with cascades of g 2. Kinetic order parametey as a function off —F,, for
spontaneous bursts. n=8. The cascadelike motion dominates close to the critical
For a quantitative analysis of this cascading effect, wehreshold and pushes the order parameter. The full lines are fits
define an order parameter characterizing the strength of therresponding toy® = x{¥+ C|F — F|?8 with v, =1.94+0.08 for
observed cascades. Cascades correspond to significant jJumps F, and y, =1.93+0.11 for F<F.. The inset shows the wide
of the total kinetic energy over a relatively short time intervalrange of the algebraic behavioftriangles, F<F.; squares,
At=t,,,1—ty. It should be noted that these jumps are notF>F).
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FIG. 4. Ensemble averaged diffusion coefficients in the direc-
FIG. 3. The critical exponent gf as a function oh. There isa tion of the force field orientation. The diffusion coefficients are
clear plateau at 0.24. determined from the long time behavior of the mean square dis-
placement. A scaling law is obtained for the vicinity of the critical
increases rapidly fon<4. Cascades can be also observedmorce,F..
above the threshold, but here they are confined to the initial
stage of the simulation. The frequency of their occurrence Finally, it should be noted that the size distribution of the
then decreases rapidly, such that a more or less continuogeuticles does not remain unaffected by the fluid motion.
flow of the granular medium is rapidly established. Con-Figure 5 shows the lateral distribution of grain sizes, aver-
versely, below the critical threshold the frequency of cas-aged in they,z) plane. While for large forces we observe an
cades decreases due to the gradual solidification of the syileal mixture, a redistribution is observed &3 is ap-
tem. proached from above, which tends to accumulate small par-
Let us now turn to the ensemble averaged diffusion coefticles predominantly in regions of large force gradients. A
ficients as a function df. These are plotted in Figs. 3 and 4, similar phenomenon can be detected qualitatively also below
and it is apparent that they can be expressed by a power lalx,, but segregation is not complete there because of the
D~|F—F|#, with 8=0.62+0.05. Within our(limited) ac-  increasing solidification of the system. Segregation in granu-
curacy, there is no difference in the scaling behavior for thdar materials is rather commdi26], but it should be noted
three directions of motionx( y, andz), suggesting an iso- that it spans only a small fractiof@bout 10% of the width
tropic state. This is another justification to call this state aof the size distribution of the beads.
fluid. Another critical behavior can be obtained for the time  In conclusion, we state that a dynamic solid-fluid transi-
averaged numbel of ruptured liquid bonds per unit time. tion, which is very reminiscent of the typical mechanical
We obtain the scaling behavidi~|F —F|# with 8=0.73 behavior of wet sand or soil, can be observed in a very

+0.06. These results indicate that the solid-fluid transition ofimPle model that neglects internal friction, and has a hys-
our model system, and potentially of wet granular matter in
general, can be interpreted as a dynamical critical phenon o4 [ ' ' ' ' ' ' '
enon. 0.430
Finally, we should try to understand the value of the criti- C
cal force. Assuming, for the sake of simplicity, that the piling ~ 0429 F
of the beads has a hexagonal close packing structure, tt [
maximum absolute shear force between neighboring granulé 5 !
layers is given by ZFh/L, whereh=2R\2/3 is the dis- & o427
tance between the layers. The critical point is reached if thi v
external forces and the attractive forces due to the liquic
bridges are in balance. The geometrical constraints requir
2mFh/IL=2F,y3. Hence, if there are liquid bridges be-
tween all of the neighboring beads, the maximum critical 0424
force isF.= FOL/(ZWR\/E). Considering-/R~40 as in our
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system, we gefE./Fy~5. However, only a small fraction of 0 200 400 600 800 1000
liquid bridges is on, which may be estimated Rg; /3R z
~0.1. Consequently, we obtaf./F,~0.5, which is quite FIG. 5. Distribution of the mean particle radius in the stationary

close to what we found in the simulation. It is clear that thefluid state as function of a rescaled coordinat®r various force
actual pile is weaker, since the piling is random instead otmplitudesF. The distribution is slightly smoothed by use of stan-
hexagonal, which entails a smaller coordination number. dard wavelet techniques.
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teretic interaction force as the only source of dissipation. Theainiversal or depend upon the form of the force law, or other
transition can be characterized by rather well defined criticatharacteristic parameters, such as the rupture distagge
exponents in all relevant quantities investigated. It is clearrhis will be left to further work.

that further investigation is required to characterize the uni-

versality class of this fascinating phenomenon. In particular, This work was supported by the Deutsche Forschungsge-
it is necessary to study whether the critical exponents areneinschaffGrant No. SFB 569 and Priority program 1052
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