PHYSICAL REVIEW E VOLUME 55, NUMBER 1 JANUARY 1997

Experimental observations of structural relaxation in granular matter
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The relaxational changes of the electrical capacitance of a system of grains poured abruptly into a vessel
capacitor have been observed. Two power-law decays have been found. The faster relaxation at the beginning
has been interpreted as being driven by independent-grain motion. The later slower process has been ascribed
to the collective reorganization of the granular system. The observations seem to be an experimental illustra-
tion of the computer simulation predictions of Mehta and Bafkksp. Prog. Phys$7, 383(1994); Phys. Rev.

A 45, 3435(1992; Phys. Rev. Lett67, 394 (199)); Nature364, 486 (1993; Phys. Rev. E47, 184 (1993].
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PACS numbd(s): 03.20+i, 66.90+r, 77.22.Gm

[. INTRODUCTION independent-particle one and a collective one, take place in a
relaxational process in a system of equal-size spheres ex-
Recently physicists dealing with theory, computer simu-posed to operations that simulate vibrational motions. Relax-
lations, and experiments have become interested in problengion is allowed by reorganization of the grains following the
concerning granular matter at rest and in motion. Powder§reation of the free volume in the sample by shaking cycles.
reveal various fascinating features that seem to make thede@st relaxation corresponding to the motion of independent
systems the paradigm of complexity in physids-3]. In  grains dominates in the initial period of observation and then
spite of the fact that small grains stick together only due tds followed by much slower relaxation, which is the result of
gravitational and frictional forces, the free-standing sandpiléhe cooperational rearrangement of many grains, i.e., the mo-
stops being mechanically stable only when the packimge  tion of clusters of grains. The aim of this paper is to present
ume fraction k is less than 0.524]. The parametek is the results of a very simple experiment undertaken for check-
defined as the ratio of the volume of grains themselves to th#1g the correctness of the interpretation of relaxation in the
volume of the whole sample, i.e., the volume of the grainsgranular material in the form of two processes.
and the voids between them. Thus, in general, the volume

occupied by grains is not much larger than the volume of Il. EXPERIMENT AND RESULTS
empty spaces; in fact, the maximum packing fraction is equal
to 0.64[5], which means a lack of order in the spatial distri- In our experiment, dielectric grains of size of about

bution of grains. A unique feature of the granular materials i.5=0.1 mm were used. A vessel capacitor with two con-
that they can sustain voids. The distribution of the various-ducting plates of size 87.5 cn? along two parallel walls
size empty spaces between grains is sensitive to the detaile#dth a 3-cm gap between them was used. So that many
history of the sample preparation. The contacts between Iggrains could be accommodated above the level of the plates
cally disordered grains can be divided into close ones thawe made the plates smaller in height than the vessel contain-
are “active” [3], i.e., take part in the transmission of the ing the grains. To observe the relaxation phenomenon for the
disturbance through the system, and loose ones protected Isystem of grains the perturbation applied had the form of an
the active ones from the external stress, curtiEmtconduct-  abrupt pouring of the grains into the vessel at tirse. The
ing graing, etc. Due to the lack of Brownian motidpresent  pouring procedure is regarded as a single large-intensity
in many-body systems such as gases and ligdltre is no  shake[10]. In the system created by abrupt pouring, the dis-
thermal averaging of the spatial distribution of the grains.tribution of grains is metastable. The contacting grains en-
Thus complicated structures of random close-packed grainsjosed relatively large voids and the packing fraction is rela-
once created, are relatively stable and long lasting, a phdively small. Thus the grains start the gravitationally driven
nomenon called archinb]. A large diversity of metastable motion into more stable positions. Through the changes of
configurations of grains with various bridges and arches igheir mutual positions, the system relaxes towards the steady
the basis of hysteresis effects. Moreover, the properties dftate with higher packing fraction. Some of the grains above
the granular materials seem to be universal. Generally thethe plates fall into the capacitor as the empty spaces between
do not depend on the type and size of the grains, but arthe grains diminish. The growth of the number of the grains
attributed to the granular structure of the system. in between the plates leads to higher global capacitance,
The unusual features of the granular materials have influwhich reflects the enlargement of the packing fractorin
ence on their dynamics, which includes also the relaxationahe measuring system the capacitor is supplied by the gen-
behavior. The computer simulatiofig] and the phenomeno- erator with a sinusoidal voltage of 10 kHz frequency. The
logical consideration§8] indicate the complex evolution of voltage drop on the capacitor filled by grains is amplified,
the granular system towards a steady state in response to ttectified, and measured by the digital voltmeter. The sketch
mechanical driving force, for example, shaking. Mehtaof the measuring system is presented in Fig. 1. In our experi-
and Baker[1,7-1Q postulate that two mechanisms, an ment the relaxational enlargement of the packing frackion
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plate FIG. 2. Decay of the response functidg/V(t) after the grains

have been poured abruptly into the vessel capacitor.

FIG. 1. Sketch of the experimental system. Change¥(d)
reflect the growth of the packing fractid(t) after application, at
t=0, of the perturbation to the vessel.

understood as the mechanisms causing, respectively, the
short- and long-time deviations of relaxation from the expo-
nential decay. The power-law exponents describe the size of

is registered as the growth of the voltagét) from the ini- the correla.tion between relaxing entities in_ the systenfor
tial valueV,, for the vessel just after it was filled with grains. the short-time decay, ang, for the long-time decay. The
It has been checked in several experiments thagxperimental values have been found to cover the following
Vo=410+7 mV only if the external conditions have been limits: —1<a<0 and —2<p<0, where the pair ¢,5)
preserved. For the empty vessel the voltage was equal to 103(0,—2) is the limit for noninteracting entitiefl4,13.
mV. Detailed quantitative observations of the changes of Such a general picture of a two part relaxation response
V(t) were made for 3 h. During the first 2 min when the function seems to correspond well with Mehta and Barker's
rapid growth of V(t) occurred, the results were recorded results of computer simulation experiments for relaxation in
every 5 s. The final registered value \6ft) was 8% higher ~9granular mattef7-10]. Having that in mind, we have pre-
thanV,. The very small changes of the voltayét) were sented the observed decey/V(t) vst in the double loga-
observed during the whole day, reflecting a very slow relaxJithmic scales(Fig. 3) to check if the experimental points
ation process rather than a long-time drift of the electroniccOmpose themselves into two straight lines. It can be seen
equipment. f[hat the respons¥,/V(t) of thg system to the perturbation

Theoretical argument§11] show that to describe the In the form of the abrupt pouring procedure can be regarded
physical properties and behavior of the granular materialsS consisting of two parts. The first part lasts about 15 s
the appropriate parameter is the so-called compactivity’?‘”d is documente.d by. four expenmentallpomts only. The
X=1/k instead of the packing fractidn[8]. (For the granu- slopeg of two straight lines used to describe the short- and
lar matter, if only the energy is replaced by volume, thelong-time dependences of the[W,/V(t)] vs In(t) are
compactivityX corresponds to the temperature in the statis¢= —0.0038-0.0002 and 8= —0.0069+0.0001, respec-
tical mechanics description used for thermodynamical systively. On the other hand, when there is only a single power-
tems) The time dependences &f,/V(t) observed in this law decay in the plot of IV /V(t)] vs Int, then the fitting
experiment, which reflect th&(t) changes, are presented in
Fig. 2. In the relaxation proced4, /V(T) [and thus also the
X(t) parameter seems to be the response function of the

after single shake of the vessel |

disturbed system of grains. 0.00 | \\-?N\

Ill. DISCUSSION -0.01 .
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The decay oV, /V(t) shows that the relaxation process -
observed is very slow and complex. The dependence of
InN[Vo/V(1)] vst is far from being the straight line corre-
sponding to a single exponential decay. -0.04 after abroupt pouring procedure

After analysis of many dielectric and mechanical relax-
ation data, Jonsch¢d 2] observed that the responses differ
from the exponential decay expt/7), which corresponds -0.06
to independently relaxing entities characterized by the single i (t/to)
relaxation timer [13]. For various dipolar and nondipolar
materials the universal response of two power-law temporal FIG. 3. Dependence of [V, /V(t)] vs Int for the abrupt pour-
dependences has been found. The local and long-range intefig of the grains into the vess@lots and for a single shake of the
actions between each relaxing entity and its surroundings angessel(squares to=1 s.

In (Vo/V)
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procedure of the single straight line to all the data gives theeaches an equilibrium is extremely slow and lasts a very
slopey=—0.007+0.007, where the large error is caused bylong time. After the perturbation the granular system is evi-
the relatively large deviations of the first four points. Thedently a metastable state with a macroscopic lifetime.
conclusion is that the process can be much better described |n the second part of our experiment the different pertur-
by the two-power-law relaxational decay than by the singleation in the form of a single strong shake of the vessel was
power-law one. applied. The result is similar tev=—0.002+0.0007 and
The structure of contacting grains that appears aftez=—0.0057-0.000 01(see the boxes in Fig.)3The volt-
abruptly pouring them into the vessel is relatively wasteful ofage drop on the resting vessel capacitor filled with grains
space, i.e., it is characterized by a large void. Thus, at thgefore it has been shaken was about 434 mV. The duration
beginning it is easy to minimize voids by gravitationally of the single-particle relaxation was found to be longer
driven motion of single grains. In this period the displace-(about 100 ¥ for this perturbation than in the response ob-
ment of one grain can be independent of the displacement Qferved after the abrupt pouring. Thus, in the second experi-
its neighbors. In the course of time the structure becomegent the disturbed sample seems to have more empty spaces
compact rather quickly. The motion of the grains to morethan the disturbed sample in the first one: Much longer
stable positions becomes more and more difficult. Furthegjngle-grain displacements will fill the voids before the clus-
densification needs structural rearrangement, which can hgyg rearrangements become necessary for that. In order to
by cooperational movements of many grain clusters. Theifyyestigate more precisely the physics of relaxation in granu-
motion starts to dominate in relaxation. As an effect of thejgr matter, detailed studies of the respoiggV(t) to well-
collective mechanism, the decrease of the compactivity meajefined shaking procedure with several frequencies and am-

sured byV,/V(t) changes is slower and slower. This sce-pjitudes of vibration applied are being prepared.
nario seems to be confirmed well by the values of dhand

B exponents calculated for our granular system:0 points

to a nearly single-grain mechanism at the beginning of relax-
ation, while 8> —2 points to definitely non-single-grain
mechanism later on. It can be said than in the first few sec- The authors would like to express thanks to Professor
onds of the experiments the relaxation is very similar to thelerzy Janik for his stimulating interest. The work is partially
exponential decay, while later on the deviation from suchsupported by Grants Nos. 2 P302 118 06 and 2 PO3B 046 11
behavior is significant and the process in which the systenof Polish Committee for Scientific Research.
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