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Mechanical properties of granular media, including snow, investigated
by a low-frequency forced torsion pendulum
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The oscillating probe of a low-frequency forced torsion pendulum is immersed into various granular media,
such as natural sand, glass beads, and granular snow. A first layer of particles is in general solidly bound to the
probe surface. The principle of operation and a rheological model are presented. The measured dynamic
moduli systematically show a peak of the loss factor and a step in the absolute modulus. The effect of
moisture-induced aging in glass beads of small size and the effect of sintering of ice grains in snow are
investigated. The response of the pendulum is determined by the long-range statistical properties of force
chains opposing the rotation of the pendulum, and by the tribological processes that take place at the grain
contacts.

PACS numbes): 45.70—n, 62.20.Dc, 81.05.Rm, 83.70.Fn

I. INTRODUCTION tion force satisfying the usual Coulomb-Amontons law. The
friction force can englobe deformatiand adhesion micro-
This report is devoted to an experimental method devisedcopic forces, e.g., the adhesion forces that originate from
to investigate the quasistatic mechanical properties of granwater capillary bridges at nanometric asperitie$ Other
lar media. In the method the oscillating member of a low-forms of microscopic forces, e.g., solid bonds between ice
frequency forced torsion pendulum is immersed into a granugrains in snow4], can emerge as load-independeolesion
lar medium, and the response to an applied harmonic torqueontact forces, or depend on the load in a nonlinear way.
is measured. We discuss the various aspects of operation of By continuing to zoom out, one reaches a “mesoscopic”
the pendulum and the data obtained in some prototype graniength scale where one can see ten to one-hundred grains in
lar systems: glass beads, natural sand, and low-densitgontact. At this scale the problem of the transmission of the
granular snow. On one hand, this will provide the back-contact forces through a granular system appears. Because of
ground for the proper exploitation of the method and, on theghe inhomogeneity of packing, size, and shape of the grains,
other hand, it will show the complex role of inhomogeneousthe total force acting on a given grain is transmitted unevenly
force propagation in a collection of particles in contact fromto the adjacent grains. In experimental conditions where all
a different perspective. the contact forces are below the threshold for sliding, one
observes that an increasing applied force causes strain to
build up along “force chains,” i.e., a network of stress-
transmitting paths involving only a fraction of the total
This section gives a schematic, nonexhaustive view of thgrains[5]. Because the external force is concentrated over
problems encountered in granular media in static and quasthe small contact areas, the overall elasticity of the medium
static conditiong1]. The complexity of the problem can be is strongly nonlineaf6]. When the contact force between a
appreciated by observing the medium at different lengthpair of grains becomes large enough for the two grains to
scales. Assume that the grains have millimetric size, andtart slipping one against the other, one moves to a complex
zoom out from small to large length scales. At a nhanometriqquasistatic regime. Each single random slip event between
to micrometric level one sees the asperities at the surfaces dflo grains has repercussions atlage distancevia the
two grains in contact. This is the “microscopic” length scale force-chain network, and the response of the granular me-
of the system, where a large variety of tribological processedium involves the statistical redistribution of contact forces
arise. These processes give rise to microscopic forces whidetween a large number of grains. Moreover, if one imagines
can be divided, according to Bowden and Tal#]rinto two  introducing a large object into the granular system and mov-
types: (i) adhesionforces resulting from the formation of ing it slowly relative to the mediuni7], at this length scale
adhesive junctions between the surface asperities, such ase observes fuctuatingforce distribution resisting the mo-
van der Waals forces, solid bonds, capillary bridgé$;de-  tion: strain is built up and released between force chains
formationforces that result from elastic and various inelastictrying to resist the motion of the object, giving a stick-slip
processes in a relatively large subsurface volume, such aharacter to the phenomenf8i.
plastic and viscoplastic deformation, fatigue, surface frac- Finally, by zooming out to the scale of the whole sample,
ture, and other forms of localized dissipative processes. what one sees is a solid body responding elastically to small
By zooming out to a millimetric length scale, the two applied forces, possibly fracturing or creeping under the ef-
interacting grains can be seen in full. The microscopic tribofect of large external forces. At this “macroscopic” scale
logical forces emerge at this scale in the “contact forces.” Inone naturally adopts a mean-field descriptji&h where the
particular, some of the microscopic forces emerge in a coneomplex distribution of contact forces and of grain positions
tact force that is proportional to the normal load, i.efrie- is averaged in a continuum stress-strain field. In the con-

II. A HIERARCHY OF PROBLEMS
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loss factor we use the quantity=tarfarg(G,)] or »
=tafarg(G)] with G=G;+G;+G;s. The forcing fre-
quency (1 Hzis chosen well below the natural frequency of
the pendulumwhich is about 30 He The loss factor of the
suspension wires is of the order of 10 thus the pendulum

not immersed can be assumed elastic and the response re-
duces toT (w) =Gpa(w), whereG,=18x10"% Nm/rad is

a torsion constant.

In the experiments, the cylindrical probe is immersed at a
given depth into a large bucket containing the granular ma-
terial. The data presented here were obtained in glass beads
of diameterdg=1.1+0.05 mm andd,=70+10 um, with
polished smooth surfaces, and in uncontaminated sand com-
posed of multifaceted quartz grains with very homogenous
size of about 16832 um. The flat faces of the sand grains
appear polished and very clean in the microscope. Other ex-
periments were conducted in granular systems composed of

FIG. 1. Sketch of the forced torsion pendulum immersed into adlass beads of different sizes, and sand of various origins.
granular medium. 1, suspension wires; 2, permanent magnet; $The specification concerning experiments conducted in
external coils; 4, mirror; 5, probe covered by a fixed layer of grains.granular snow will be presented in detail in Sec. Y8ome

specific experimental procedures have been adopted: First,
tinuum description the mechanical stability of a granular mewe covered the probe by a layer of grains glued on by an
dium can be written in the form of the criterion<ugo epoxy and we took care as far as possible not to contaminate
+c, wherer is the tangential stress across a plane within théhe external surface of the glued grains with the epoxy itself.
granular mediumg is the normal stress acting on the sameSome experiments were also conducted with clean probe sur-
plane, us is the coefficient of static friction, andis usually ~ faces, as specified. Second, in order to discard effects due to
considered a macroscopic load-independent cohesion fordge construction history of the system, the probe was pushed
per unit surface. The criterion imposes a limit, i.e;,  at some depth into the granular meditimdizedby strong
=puso+c, on the magnitude of the shear stress that caxternal vibrations. Moreover, measurements were taken af-
occur within the granular medium, beyond which contactter a fixed time from the fluidization, which provided a way
forces are overcome and gross failure arises. Notice that tHe handle moisture-induced aging effects. Such aging effects
continuum description can in principle be used down to avere observed at ambient humidity in granular systems com-
small length scale of a few grain diameters. However, mosposed of grains with sizes less than about 2061, but were
of the mesoscopic physics is then lost, although the microalmost absent for grains of larger size. Measurements were
scopic physics is retained in the coefficieptsandc. performed either at uncontrolled ambient humidity or under
nitrogen atmosphere, as specified. Finally, the whole system
was placed on an antivibrational table to prevent undesired
vibration-induced effects.

IIl. EXPERIMENT

The torsion pendulunfFig. 1) consists of a long cylinder
able to freely rotate around its axis, but prevented from flex-
ing sideways by two thin suspension wires fixed to the cyl- IV. RESULTS
inder and under tension. Similar apparatuses are used in met-
allurgy and other physical systeni0]. The pendulum is
forced into torsional oscillation by a time-dependent torque In measurements of the loss factor, approximately given
T(t) =Ty explwt) applied by using a small permanent mag- by »=tarf arg(G,)], and modulugG,| as a function of the
net fixed to the pendulum and a pair of external coils whereamplitude of the applied torqu&,, we systematically ob-
an ac current circulates. The angular displacement of theerved a mechanical behavior with a pronounced loss peak
pendulum, «(t), is measured optically. The complex fre- and a step in the modulus. Figure 2 shows such data obtained
guency response of the pendulum is obtained fiGKw) in glass beads witlly=1.1%0.05 mm using a cylindrical
=T(w)/a(w) using a lock-in device. In a typical measure- probe covered by a layer of glued beads, giving an effective
ment we record the argument a@y) and the absolute radius ofR,=1.5 mm, and extending below the surface for
modulus(modulusin shor) |G,| of the first harmonic of the different lengthsL. The loss factor displays a pronounced
response, as a function of the amplitude of the applied torqupeak at a torque denotdd in Fig. 2(@). The modulugG;,|
To. We also record the argument and modulus of the thircshows a step between two levels deno®&gdand G, , re-
and fifth harmonics, denoted afgf), |G;| and argGs), spectively, in Fig. &). These measurements were conducted
|Gs|, respectively, at the same time. The damping propertiegh ambient humidity of 40%, but no difference was observed
of an oscillating system are well represented byltss fac-  in the dry system. There was also no difference on decreas-
tor , which is the dimensionless ratio of dissipated to storedng or increasing amplitude.
energy per cycle. For linear syster@®=G,, and the loss Visual observations at the sample surface revealed that, at
factor is given byp=tarfarg(G,)]. For strongly nonlinear high torque amplitude, multiple grain slip events occurred
systems as is the case here, as an approximation of thhandomly in a large area around the probe, and a localized

A. Glass beads
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FIG. 2. The loss factor given approximately by

=tarfarg(G;)] (@) and the modulu$G,| (b) versus the amplitude . .. . i . .
of the applied torqud,, of the pendulum immersed into a granular lidity of this empirical relation is restricted to systems where

system of glass beads 1.1 mm diameter at ambient humidity 409pN1aCroScopIc I_oad_-lndependent cohesion forces are absent or
The probe is covered by a layer of glued spheres, giving an effeci€gligible, which is the. case for the glfiSS beads used here: In
tive radiusR,= 1.5 mm, and is immersed at two different depths ~ the Snow system, solid bond adhesion forces between ice
The point-dashed lines on the loss data are fitting lines obtaine§'@ins dominate and a different empirical relation is ob-
from a rheological modelsee text The position of the loss peak is Served(Sec. VI). In the presence of moisture-induced aging
denotedT% . The modulus observed at low applied torque is de-€ffects in the glass beads and in the sand, the empirical re-
notedG,,,,. The response of the pendulum not immersed is alsdation remains valid provided these effects are properly taken
shown. into account, e.g., if the position of the peak is measured at
the same aging timéSec. V).

failure surface was not observed. Although the observations
were with the naked eye, slip events could be detected, using B. Sand
appropriate illumination, at very large distance from the ro- 5 special experiment in sand is reported in Fig. 4 and Fig.
tating probe, with distances of the order of some centimeterg o 4 example of a different mechanical behavior from the
at least. _ _ o one presented in the previous subsection. The difference
Since the mechanical behavior of Fig. 2 is very generalg jses hecause in this case experiments were conducted using
we also show here the dependence of the loss peak on thg,on copper cylindergi.e., without the layer of glued
geometrical parameters of the experiment. Figure 3 Show@rains}. The data of Fig. 4 were obtained using a clean cop-
the position of the peaKj as a function ofL for different per cylinder of radiusR=1.5 mm and extending below the
R., obtained from measure_ments in dry glass beads witly;,iface for a length. =35 mm. The experiment was con-
dg=1.15|0.05 mm, under nitrogen atmosphere. These datgycted in ambient humidity of 35%. Measurements were
have been fitted by power laws of the foffj=al” with a  optained by increasingup) and decreasingdown) applied
and g free parameters: we obtajg=2.1, 1.9, 2.0, 1.9, and torque, with no apparent difference. In addition to the argu-
1.9 for R;=3.5, 3, 2.5, 2, and 1.5 mm, respectively. The ment and the modulus of the first harmonic, Figc)4also
point-dashed lines in Fig. 3 are the best quadratic fit to thghows the inverse of the norm of the third and fifth harmon-
data of the formT3=aL2. The inset of Fig. 3 shows the ijcs, denoted 16| and 1/Gg|, respectively, measured in
coefficientsa obtained from the quadratic fit, versRg. The  parallel to the first harmonic. One can see the sharp onset of
dashed line in the inset is a power-law fit of the foam nonlinearity in the system in the region of the loss peak. The
=bRg: we obtain «=2.1. A quadratic fit givesb=1.5 inset of Fig. 4a) shows the loss peak with higher torque
X 10° N/md. Therefore, the data can be summarized by theesolution; the peak culminates at abowt~1.2, corre-
empirical relation sponding to an argument a@() of more than 50°. The data

For completeness we anticipate at this stage that the va-
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the corresponding modulyss,;| and|G;+ G+ Gs|. The torsion
2 pendulum(clean probe surfagdés immersed into natural sand, and
% ] measurements are taken for decreasing torque amplityddhe
g point-dashed lines are fitting lines according to the rheological
T 2] model. The correction due to high harmonics influences the magni-
tude of the loss peak, but does not affect the position of the loss
i peak and the modulus.
1G5
_J very large argument, as is the case here, the correction to the
O ey e magnitude of the loss peak is relevant.
10 107 10° 10 Inspection of Figs. 4 and 5 shows a sharp increase just

T, (Nm) below the maximum. This behavior appears to be related to
the specific failure mode for clean surfaces since visual ob-

FIG. 4. tafiarg(G,)] (a), |G,/ (b), and the inverse norm of third  servations revealed thatlecalizedfracture occurred in the
and fifth harmonicgc) of the torsion pendulum immersed into natu- sand from just below the maximum to large amplitude. The
ral sand, for increasin@up) and decreasingdown) torque ampli-  fajlure apparently arose at the grain-probe interface. In Fig. 4
tudeT,. In this case théclean probe is a polished copper cylinder. e progressive increase of the loss factor at low torque, be-

The point-dashed lines are fitting lines according to the rheologica'OW the peak, is related to delocalized grain slip events as in
model. Inset: The region of the loss peak measured with a highetrhe glass beads

torque resolution, showing a loss factor close to 1.2.

V. MODELING
of Fig. 5 were obtained using a clean copper cylinder of
radiusR=2 mm andL=60 mm. The humidity was about
45%. Figure 5 shows in particular the correction to the loss The observed mechanical behavior is captured by a
factor when high harmonics of the response are taken intsimple rheological mod€l11] shown in Fig. 6a). It is the
account. The position of the peak and the absolute modulusimplest approximation of the pendulum immersed into a
are not affected by high-harmonic correction. However, forgranular medium. In the model, the spriGg represents the

A. Rheological model



986 G. D’ANNA PRE 62

(a) can be used; here we defidéas the elastic energy stored in
the two springs during loading. We adopt the notatibn
=G4/Gp, and we introduce the normalized torque ampli-
tude f=Ty/T., as well as the auxiliary variabley
=fA/(1+A) andz=1/y. Simple algebra shows that the loss
factor can be written

T T(s6/6) _4A y—1
T y—1+ (14 A)(y—1)2

2

for y>1, and»=0 for y<1. Equation(2) is a peak with
maximum occurring at the normalized torque given fidy
=(1+A+y1+A)/A, which has the limitsf*=1 for A
>1 andf*=2/A for A<1. In practice one can use the ap-
proximation f* ~(2+A)/A. Accordingly, the positionTg

' of the peak can be very large comparedrtoif A is small.
100 10° 10" 10° However, the observed values &fin this work are 16<A,
and we can assumg; ~T.. The loss peak2) is shown in
Fig. 6b) as a function ofT,/T. and for differentA. The
magnitude of the peak is

10

0.1

n*=%(ﬂ+1)-l 3

T, /T, where7* tends toward 2/A/ s for A>1 and toward\/ for
. ) A<1. The inset of Fig. @) shows the normalized position of
FIG. 6. (8 Rheological model and the hysteresis loop. Thethe loss peak*=T3/Tc and 7* as a function ofA. [Figure

model is a simple approximation of the pendulum immersed intog ) o<, shows the result obtained with a different definition
the granular medium. The lower branch represents the granular me-

dium, characterized by a slide unit of critical torgigand a spring of the strain energf/L2].] The absolute modulusG| can be

of torsion constanG, . The upper branch represents the suspensioﬁ)btalned from the slope of the secant modulus, which gives
wires of the pendulum, of torsion constaB}, . (b) The loss factor (1+A)G
n=Q/27wW calculated from the rheological model, plotted as a | |: p (4)
function of the normalized amplitude of the applied torqUg/T., 1+A(1-2)
for differentA. Q is the damping energy per cydlee., the area of
the hysteresis logpand W the strain energy per cycle. Different for z<1 and|G|=(1+A)Gp for z>1. Equation(4) repre-
definitions ofW are possible. The solid lines are calculated assumsents a step between the two levEls+ G4 and G, .
ing W to be the elastic energy stored in the springs during loading The rheological model provides a first, macroscopic un-
(i.e., the area under the increasing branch of the hysteresis loopierstanding of the observed mechanical behavior. The low-
starting froma=0, T=0). The dashed lines are calculated assum-torque modulusG,,,, can be identified WittG,+ G, in the
ing Wto be the area under the secant modulus. The various curvggodel. SinceGg>Gp the low-torque modulus is a direct
correspond to an increasingof 0.1, 1, 10, 100, and 1000, respec- measure of the elastic parame@;. The modulus at large
tively. Inset: The positiorl /T, and the magnitude;” of the loss  y5rque coincides with the torsion consta®f, as measured
peak as a function oi for the two de_flnltlons qf the stra_ln energy. for the pendulum not immersed into the granular medium.
ét_llarge A, the position of the peak is approximately given B SinceA> 1 (e.g., of the order of 40 fot =42 mm in Fig. 2
e the position of the peaKj can be identified withT., in the
suspension wires of the pendulum, while the other brancinodel. An empirical approach to the analysis of the data
represents the granular medium, characterized $lida unit ~ consists in extracting, and thusGg, from the modulus step
with a critical torqueT; and aspring of torsion constanB, . using Gy,,~ Gy and T, from the position of the loss peak
The “mesoscopic” significance of the critical torqde will usingT§~T..
be discussed at the end of this section. The response of the Fitting the data to the rheological model is in general only
slide unit alone is nonlinear and given by=0 for T<T.and relatively satisfying, although the observed mechanical be-
by the constanT =T, otherwise. The hysteresis loop of the havior is close to the rheological one. In particular, the sharp
model is also shown in Fig.(&). Notice that the critical onset predicted by the rheological model is observed only
torque on the slide unit is reached when the applied torque iwhen the probe surface is clean, as is the case for experi-
equal toT (1+G,/Gy). ments in sand. Difficulties arise also concerning the magni-
The loss factor is the relative damping energy per cycle ofude of the loss peak at largedue to the correction for high
the applied torque, given by=Q/27W, whereQ is the  harmonics. Very good accord between the rheological model
damping energy per cycle aml the strain energy per cycle. and the data is, however, obtained in Fig. 5, where the loss
Q is the surface of the hysteresis loop in Figa)6 The defi- factor is approximated byp=tar{arg(G)] with G=G;
nition of the strain energy is not unique and different criteria+ G3+ G5 and the modulus byG; + G5+ Gs|. In particular,
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the modulus in Fig. &) is fitted with Eq.(4) with A, T,

and G, as free parameters. We obtal=167, G,=0.018
Nm/rad, andT,=6.3X10 > Nm. The point-dashed line in
Fig. 5a) is obtained with Eq(2) with the parameterd and

T. obtained from the modulus fit. The point-dashed lines for
the loss data in many other figures are fitting lines obtained
with A and T, as free parameters. In general, th@btained
from the loss data is much less than thebtained from the
modulus. Further development is necessarily at the rheologi-
cal level, possibly by exploiting theoretical advances ob-
tained in other classes of materi@ls3], like suspensions in
liquids or plasticity of metals.

B. Mesoscopic picture

In the rheological model the critical torque is the limit
beyond which energy dissipation sets in. As a macroscopic
approximation of the real process, the pendulum probe has
be seen as sliding in the granular medium, in a similar way
as a macroscopic body slides over a large surface. We try T

now to give a mesoscopic picture of this process.

1. Continuum approach FIG. 7. Schematic distribution of force chains opposing the ro-
In the continuum approad!®], 7¢= uso+c is the failure  tation of the pendulunitop) and opposing the straight motion of an
limit of the shear stress that can been reached across a plalfemersed objectbottom. The top distribution is postulated in or-
within the granular medium, beyond which contact forces ardler to develop a picture of the mesoscopic origin of the pendulum

overcome. The critical torque in the rheological model carfeSPonse. In the presence of a layer of grains fixed to the probe
be seen as thenacroscopic failure limiti.e., T.=T;. We surface (this arises if the layer is glued artificially to the probe
e, T, )

postulate that the failure occurs homogeneously along a C);_urface, or if the friction force at the grain-probe interface is large

S : . 2 . enough, the force opposing the rotation of the pendulum results
lindrical vertical surface, in close proximity to the first layer . . . )

. . . from compressive stress accumulated in force chains oriented along
of grains fixed on the probe surfag¢g4], at the radiusk,

ith h Vi L ob fi d t i | h trajectories quasitangent to the probe. Shear stress at grain contacts
(a _OUQ V',Sua observations ao not reveal in general SUCN grianieq in the radial direction is assumed not to play a significant
localized failure surfacgFor glass beads and natural sand 3role.

reasonable assumption is that there are no macroscopic load-

independent cohesion forces acting between the particlagyer of grains is firmly fixed to the surface probe, the spatial
(see also the discussion of moisture-induced aging effects ifyrce distribution is likely to be organized along directions

Sec. VI, so that the continuum criterion reduces to almost tangentto the cylindrical probe, where maximum
_ strain can be built up between chains of grains, as sketched
Tf= MsO- ®  in Fig. 7 (top). The implicit assumption of the picture is that

shear stress at grain contacts oriented in radial directions
does not play any significant role compared to the compres-
sive stress supported by chains of grains aligned along quasi
tangent trajectories originating from the fixed grains. Be-

S . L . - cause force chains essentially support compressive stress, the
acting in the horizontal direction, with the granular density, 4que resisting the rotation has a similar origin to the drag

g the acceleration of gravity, and a constant that charac- ¢4rce opposing the straight motion of an immersed object
terizes the pressure anisotrdiip,9. The failure torque on a  (gig 7 ‘hottom, i.e., the randonbucklingof force-chains in
shcezof area ZrR.dx of the cylindrical failure surface is  fon¢ of the object, where compressive stress is continuously
2mRe7¢(x)dx at the depthx. Integrating along the probe of il up and released.
lengthL, we obtain For an immersed solid object moving straight forward the
o drag forceF4 has been shown by Albest al. [7] to be
Ti=nipgL°Re (6) velocity independent. Therefore we postulate a rate-
independent drag torquk resisting the rotation of the pen-
where 77;= K [16]. dulum, and we look foif ;= T4. This approach gives us the
_ opportunity to directly exploit the model and the result ob-
2. Discrete approach tained in Ref[7].

In a discrete picture we need to take into account explic- We divide the system intm=L/d, discrete horizontal
itly the complexity of force transmission in granular media. layers of thicknesgl, . A given layeri is stable, or “elastic,”
The main question isyhat is the force distribution opposing until the local force between a pair of grains somewhere in
the rotation of the pendulum at a given moment during thethe layer is larger than a criticdtiction force F., above
cycle? Due to the geometry, and considering that the firswhich the two grains slip relative to each other. The inho-

The macroscopic failure limiT; can be obtained by con-
sidering that on a vertical plane at a degtftom the surface
of the granular mediumr;(X) = uso(Xx), where ug is the
coefficient of static friction, and(x) =K pgx is the pressure
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mogeneous force distribution is incorporated into the probwheret, is the aging timet, is a microscopic time, and is
lem by calculating, first, the probability that in a given dis- a constant related to the relative partial pressure of the fluid,
crete layer the local force exceeds., and, second, the the dimension of the nanometric asperities, the liquid-vapor
probability that the local force excee#s in all the discrete surface tension, and some other geometric factors character-
layerssimultaneouslywhich is the requirement for the pen- izing the surface roughness. The coefficigny is the coef-
dulum to be able to rotate relative to the granular medium. Irficient of static friction that characterizes the dry granular
our case the source of the force on a layer is the grains fixedhedium. Notice that in the model of Bocquetal. [3] the
on the circumference of the probe such that the rotating cyleapillary force that emerges at mesoscopic scale is propor-
inder of radiusR,, is equivalent to an object of transverse sizetional to the normal load and therefore this contact force
27R, moving straight forward, which leads to the drag satisfies the Coulomb-Amontons law of static friction. Ac-
torque cordingly, the moisture-induced aging effect has to be in-
cluded in the coefficient of static friction. This justifies the
Tq= 74p9 LzRi, (7) former assumption, Ed5), that the continuum criterion re-
duces tor;= uo for the glass beads in question.
where 7q= uK2m\/3272/27€? [16]. The drag torque is re- To control the aging effect experimentally, we exploited
lated to the drag force of Reff7] by Tq=F4R.. The factor  the fact that capillary bridges are destroyed during the fluidi-
nsK results from the local pressure in the horizontal direc-zation of the granular medium. After fluidization, the capil-

tion controlling the critical friction force-. lary bridges will grow again with the logarithmic time de-
pendence of the resulting friction force. We conducted
3. Discrete versus continuum approach experiments in glass beads witlj=70+10 um, at ambi-

The two approaches predict a quadrdtiand R, depen- €Nt humidity of 40%. Figure 8 shows the loss peak and the
dence. This resuls in agreement with the empirical relation Modulus measured at different aging timgs wheret, is
(1) obtained in Sec. IV. Although the two approaches give ghe time elapsed from the fluidization procedure. For this

similar result, the mesoscopic picture is very different. In theParticular experiment, the fluidization-induced disaggrega-
continuum approach the failure occurs over a definite surlion procedure was repeatéefore each poinon a curve, so
face, where the failure shear stress is overcome. In the pidhat @ single curve was obtained strictly after the same aging
ture, the two parts of the fractured granular medium are onli'me- Notice that, during the imposed aging time, the pendu-
elastically deformed, and no grain slip events arise except aMm continuously oscillates at the given torque amplitude
the failure surface. In the discrete approach there is no localS€€ Sec. VlII for a discussion of this pairiThe inset of Fig.
ized failure, in the sense of the continuum description. Slipg(@) showsTg as a function ot,, and the point-dashed line
events can arise at large distances from the rotating prob8eémonstrates that the data align on a straight line in the
Moreover, the implicit assumption of the discrete picture islin-1og plot, supporting the theoretical result that the position
that the rigidity of the medium is provided essentially by Of the loss peak is proportional to the coefficient of static
force chains supporting compressive stress, and the mediuffiction. The inset of Fig. &) shows that the “elastic” pa-

is “fragile” [17]. Notice that Eqgs(6) and (7) differ by a rameterG,,,, also has a logarithmic time dependence.
numerical factorpy/n;~2.5, possibly related to the differ-
ent mesoscopic picture.

The continuum and discrete models also predict a critical
torque proportional to the coefficient of static friction. This  Figures 9a) and 9b) show more data obtained in the
will permit a further check on the validity of the mesoscopic system of glass beads of ZA0 um diameter, withR,
picture by artificially changing the friction properties of the =1.75 mm and for different, at ambient humidity of 35%.
system in the next section. Equatiof® and(7) also show In this case the vibration-induced disaggregation procedure
that the position of the loss peak can in principle be used tavas repeated before each cufamd not before each point
measure the coefficient of static friction. From the fitting so that the aging time at which the loss peak is observed is
parameteb=1.5x 10° N/m? in Fig. 3, the measured granu- different for each curve, as indicated.
lar density p=1.6x10° kgm 3, and usingb=7,gp (i Figure 9c) shows the position of the pedk; as a func-
=f,d), we obtainz;~9.6. This givesuK~1.2 from Eq. tion of L, obtained from Fig. &), as well as the position of
(7) anduK~3 from Eq.(6). UsingK=0.33 one obtains 3.6 the peak extrapolated as if it were observed at a unique aging
and 9.1, respectively, as an estimate of the friction coeffitime of 1000 s. The solid and point-dashed lines in Fig) 9
cient. are the best power-law fit to the data of the foffij

=al”. We obtaing=1.7 for the data obtained without tak-
VI. AGING EFFECTS ing into account the aging time, an@=2.0 for the data
. . corrected for the aging time. This example shows that aging
For glass beads with sizes less than about 200,  gtfects have to be considered carefully in the analysis, oth-

moisture-induced aging effects were observed at ambient Nysyise an incorrect or R, dependence could be observed.
midity. According to Bocquetet al. [3], water capillary

bridges nucleate at nanometric surface asperities between
glass beads, providing a logarithmic time-dependent coeffi-
cient of static friction We present here some data obtained in snow, i.e., ice
grains in contact, although we are aware that natural snow

Hs(ta) = pmsotAln(ty/to) (8)  can be seen as a granular medium only in certain conditions

A. More aging effect data

VII. SNOW
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FIG. 8. tafiarg(G,)] (a) and|G,| (b) measured in glass spheres (©
of 70 um diameter at ambient humidity 40%, for different aging
timest, (Re=1.75 mm,L=19 mm). t, is the time elapsed from the
fluidization of the granular medium, a procedure that disaggregates
the grains. The vibration-induced disaggregation is performed be-
fore each point. The point-dashed lines(a are fitting lines ob-
tained from the rheological model. Ind@}: The position of the loss
peakT§ versus the aging timg, . The data align on a straight line
in the linear-logarithmic plot, showing a logarithmic time depen-
dence of the formT§=c+plint,/t,, typical of the moisture-
induced aging effect. Inseb): Similar logarithmic time depen-
dence of the low torque lev&,,, .

m T,
o T,(t,=1000s)

(N m)

[4,18]. However, under the appropriate experimental condi- T ————— .
tions, this system provides an example of a granular medium 0.01 0.02 0.03
controlled bysolid bonds as opposed to the usual granular L (m)

systems where adhesion is commonly of capillary origin,
thus illuminating the problem from another perspective. In  FIC- 9- tafiarg(G,)] (@ and |G| (b) of the same granular

fact, as soon as snowflakes are in contact, crystalline bond¥Steém as in Fig. 8, for differentt. In this case the vibration-
between ice grains grow very rapidly in time. This “sinter- Induced disaggregation is performed before each curve, so that the

ing” process introduces a time-dependent cohesion ternl”loss peak is observed at different aging times, as indicatedhe

L . . e position of the peaR3 , as a function oL, as well as the position
c(t_s) which is expected to rapidly d_om_lnate the friction term. of the peak extrapolated to a given equal aging time,ef1000 s.
This means that the continuum criterion reduces to

The solid and point-dashed lines are power-law fits. For the position

of the peak corrected to equal aging time we obtain a power of 2.
Tf = C(ts) 1 (9)

Because of the sintering process, granular snow differs
wherets is the sintering time and(t;) is the snow “shear from other granular systems in two respe¢is: The volume
strength,” which can be assumed independent of the load ifraction of snow is very low. For example, we use low-
a first approximation. density snow which approximately gives a volume fraction



990 G. D’ANNA PRE 62

(a) L=5 mm high-density snow layer is strongly bound to the cold, metal-
lic probe surface, and the pendulum method measures prop-
ertiesintrinsic to the snow system, instead of grain-probe
10 mm interface properties. Small deviations from the straight tra-
jectory during the penetration in the inhomogeneous medium
can reduce or locally break the contact between the high-
density layer and the cylindrical section of the probe. As a
consequence, one expects the main contribution to the pen-
dulum response to come from the conical part of the probe.

1.0 —

20 mm

0 5 10 20x10°
L (m)

tan[arg(G,)]

A. Results

Figure 10 shows data measured in granular snow using
three different probes. The probes are of length20 mm,
L DL L L L 10 mm, or 5 mm, with radiu®k=1.5 mm and terminating
10° 10° 10" in a cone of heighh=2 mm. Experiments were performed
T, (Nm) in a cold room, at-13°%0.1°, such that the temperature of
(b) the samples and of the apparatus was the same and very
A, Mmoo poces homogenous. Data were obtained in snow samples composed
of two-week-old grains. The snow was disaggregated and
gently poured into a cylindrical aluminum container of
about 20 cm diameter, 15 cm height. The density was
p=270 kg/n? and the average grain diameter weg
~0.1-0.2 mm. The pendulum was lowered and the probe
was immersed into the sample in such a way that the conical
part was at about=30 mm from the surfacéFor the snow
we do not use the fluidization procedyr&he speed of the
immersion was of the order of 5 mm/s. The snow sample had
sintered for about 17 h and each curve was obtained by im-
mersing the probe in another location in the sample.
0.01 - i As for the other granular systems discussed above, we
II4 S ""'5 o """4 S observe in Fig. 10 a large loss peak and a step in the modu-
10 10° 10 lus, in close similarity with the mechanical behavior of the
T, (Nm) rheological model. Notice, however, that the loss peak is
FIG. 10. The loss factor given approximately by narrower than n the glas_s beads and in sand. -
:tar[a.rg(G ')] (a) and the modulusG,| (b) of the pendulum im- The mechanical behawqr of Fig. 10 can be under;tood in
. . the framework of the continuum approa¢Bec. \j taking

mersed into low-density granular snow, using three different probelsnt nt that th ntinuum criterion for thi tem r
shown in(b). The experimental details are given in the text. Inset 0 accou attné co uum criterion 1o S system re-

(a): the positionT? of the loss peak as a function bf duces tor;=c(ty) apd (;onsidering that the failgre plane is
composed of a cylindrical section plus a conical one. We

: obtain
V= psnow! Pice=0.28. This has to be compared to the volume

fraction of monodisperse three-dimensional packing of Ti~c(tg)2mR2L + c(tg)2R?N/3 (10

spheres, which is 0.74 for the crystal, 0.64 for the random

close packing limit, and 0.57 for the random loose packingith a characteristic linear dependencelofThis is different

limit. The usual volume fractions for granular media arefrom theL? dependence obtained in the glass beads. Such a

therefore around 0.6, so that a snow system is mostly conflifferentL dependence could be used to distinguish experi-

posed of air.(2) The rearrangement of ice particles undermentally whether friction or cohesion forces dominate in a

gravity cannot occur. As shown by everyday experience, &iven granular system.

cavity produced in the snow, e.g., by introducing a probe, The inset of Fig. 1G) shows the positio of the three

will remain after the probe is extracted. peaks versud.. The three points align on a straight line
For these reasons, we have used specific probes for ewhich intersects the vertical axis bt=0 at about 6<10°

periments in the snow system. The probes are clean copp&rm. By extrapolating the fitting line th =0 and using Eq.

cylinders of lengthL and terminating in a cone of height  (10), we obtainc(ts)~6 kPa wherds=17 h. The usual val-

as shown in the inset of Fig. 1. In a typical experiment, ues of the snow shear strength in the literatik®,19 for

the probe is pushed into the snow at a velocity such that theimilar snow density are in the range of 1 kPa to 10 kPa, in

penetration is brittl¢4]. That means that the bonds betweenaccordance with the value determined here. We can obtain an

the ice grains colliding with the probe are broken. Theseestimate for the shear strength also from the slope of the

grains will be pushed aside by the conical point. As dis-fitting line in the inset of Fig. 1@&), which gives a value of

cussed, for example, by Fuk({#], one expects the formation 0.2 kPa, i.e., one order of magnitude smaller than previously.

of a zone of high-density snow in front of the conical sec-This result confirms that the relevant contribution to the

tion, and a similar layer along the cylindrical section. Theshear strength comes from the final conical section of the

0.0 -

e
=
|

IG,] (N m/rad)
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(@ the response depends on the sintering state of the sample: the
longer the sample was sintered, the larger the tofjue

The inset of Fig. 1(b) shows the position of the loss peak
T4 as a function of the sintering time, taken at the time when
the peak is observed-or example, even if the first measure-
ment starts only 3 min after the sample preparation, the peak
is observed about 16 min later. The procedure is similar to
that for the aging effect experiment of Fig.) The dashed
line in the inset of Fig. 1(b) is the best fit to the data of the
form T =At]. We obtain the exponem=0.36. A logarith-
mic fit is not satisfying, although, because of the small num-
ber of data points, the conclusions are only indicative. Ac-
1000 min cordingly, the time evolution of the snow shear strength can
be approximated by a power law of the foroftg)ot2°.

This time dependence is indeed close to the preditiéd
dependence for the growth of ice bonds by Colbg2k],
giving credit to the approach discussed here.

We underline, however, that the validity of the picture is
restricted to the conditions of our experiment, in particular,
low temperatures, low-density snow, low frequency. In other
conditions, the viscoplastic deformation of the ice bonds, as
well as the thin layer of water formed by frictional heating,
must be considered. In particular, due to stress-induced melt-
ing of the ice bonds, the loss factor measured by the pendu-
lum close to 0° temperature can be much larger than for pure
friction processes. In general, the question of the evolution of
the magnitude of the loss peak has not been addressed, al-
though it may contain valuable information on the system.

tan[arg(G,)]

L) ) LI LELAL I ) ) L LA I ) 1 LI
10°% 10° 10
T, Nm)

(b) 1000 min

e
=

IG,] (N m/rad)

10° 10* 10°
T IIIIIIII T IIIIIIII T 1Tt
10° 10°® 10

T, Nm) Aging and sintering experiments have shown that the po-
sition of the loss peak is proportional to the coefficient of
static friction in glass beads and sand, or proportional to the
macroscopic shear strength in snow, i< us or Tgoc,
Eespectively. This is indeed very surprising for the following

VIII. DISCUSSION AND OPEN QUESTIONS

FIG. 11. Effect of snow sintering on tparg(G;)] (a) and|G,|
(b), for different sintering timetg of initially disaggregated, two-
week-old grains. Inset: the position of the loss p&gkas a func-

tion of the sintering time where the peak is observed. The dashe ; ; ) . L
line is the best fit to the data of the foriif = At’. We obtains reason: During a long aging time, €.9., the data in Fig. 8, the

=0.36, i.e., a time dependence close to the theoretically predicteHendUIum continuously oscillates at the forced frequency of

£925 dependence for the growth of ice bonds by Colbg2X] (see 1 Hz. At a torque amplitude ju_st below and above t_he loss
details in text. peak, one expects that the capillary bridges are continuously

broken during the applied cycle. For many grain contacts the

probe and that the contact with surrounding snow grains i§ffective aging time can be no longer than the period of the
reduced along the cylindrical section compared to the conica?scillations.How can the pendulum detect friction forces

part. The immersed pendulum method appears well adaptdBat correspond to aging times much longer than the oscil-
to performing field experiments in very low-densitiyesh ~ lation period? The same question arises for the sintering of

snow, where other methods are impractic0]. snow. At large enough torque amplitude, the ice bonds are
continuously broken and one expects the maximum sintering

time to be limited to about the cycle period.

Although we do not have a definitive answer, we specu-

The mechanical properties of the snow system are exate that the long-term time dependence of the aging or sin-
pected to be very sensitive to the overall sintering state. Figtering effects is observed in practice because the pendulum
ure 11 shows measurements performed at different sintering:sponsedoes not result from localized phenomeimathe
times. In the present experiment the sn@ie same as that granular medium. The inhomogeneous and fluctuating force
used for Fig. 10 was disaggregated and gently poured intodistribution along force chaindelocalizesquasistatic phe-
the container. Immediately after the preparati@bout 3 nomena, in principle, to the entire medium. A slip event
min) the probe =20 mm was immersed into the sample between two grains occurring somewhere within the granular
and a first measurement as a functionTgf(by decreasing medium has repercussions, via the force-chain network, at
the torque was obtained. A single measurement takes aboufarge distances. This large-scale reorganization of the grains
30 min. Successive measurements were then obtained aftérat follows a slip event involves a large volume of the me-
36 min, 200 min, and 1000 min. As demonstrated by Fig. 11dium in the response. As a consequence, aging or sintering

B. Sintering effect
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effects, or in general any evolution in the tribological pro- IX. CONCLUSIONS

cesses, can be detected. , _ The pendulum response displays a characteristic mechani-
Recently, mesoscopic theories have been built that takgy| pehavior, with a peak in the loss factor and a step in the

the inhomogeneous force distributiorj into_ account as a ke¥psolute modulus. The position of the peak can be used to
factor, e.g., theg model[22] and the jamming theor}17].  measure the coefficient of static friction in macroscopically
We believe the present work to underline the necessity t@ohesionless granular systems, like glass beads, or to mea-
extend and improve this newly developed understanding t@ure the shear strength due to ice bonds in granular snow.
quasistatic, dissipative regimes. Pendulum experiments iMhe analysis of the response of the oscillating probe pro-
glass beads or low-density snow show that the method isides, in general, information about tribological processes
well adapted to studying and developing notions like “fra- and characterizes the quasistatic state of the granular me-
gility” and force-chain-induced “jamming” in quasistatic dium. When the particles, either glass beads or ice grains, are
conditions. solidly bound to the probe surface, the pendulum probes the

This work is focused on the regime where the grains slijong-range statistical properties of force chains opposing the
relative to each other, but the pendulum apparatus also prgotation. The general picture that has been developed shows
vides information about the elastic properties of granulathe potential of the method for further developments in the
media. All the data presented show that at small applie¢inderstanding of granular mechanics at the mesoscopic
torque the loss factor is small, and the modulus is indeperf€Ve!-
dent of the applied torque. Under these conditions one can
consider the granular medium macroscopically as an elastic
body, and the pendulum response is a measure of an elastic The experiments in snow were conducted at the Eidgeno
modulus. Therefore, the dependence of the granular elasticitsisches Institut fu Schnee- und Lawinenforschung, Davos,
on the various tribological parameters could also be investiand we thank M. Schneebeli and J. Schweizer for the assis-
gated. tance provided and for many helpful discussions.
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