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Slip processes of gels with multiple asperities
YAMAGUCHI, Tetsuo'*

IKyushu University

Understanding how multiple asperities rupture is one of the most important questions in both earthquake source physics ar
tribology. Here we study the elementary slip processes of gels having multiple asperities with in-situ optical observations.
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Grain size segregation in a fault gouge
ITOH, Ryo** ; HATANO, Takahird
IEarthquake Research Institute, The University of Tokyo

The structures and textures of fault gouge are believed to provide with rich information on the coseismic slip dynamics of faults.
In Chelungpu fault gouge, where the coseismic slip was accommodated in 1999 Chichi earthquake, grain-size segregation
found [Boulier et al. G"3 10, Q03016 (2009)]. This could be an evidence for gouge-fluidization, because grain-size segregation i
believed to require sufficient porosity in granular matter. Grain-size segregation is also find grain-size segregation in a laborator
friction experiment with large displacement ("12m) and under intermediate normal stress ("2MPa)[Ujiie and Tsutsumi GRL 37,
L24310 (2010)]. Here we wish to know whether grain-size segregation occurs as a result of gouge fluidization. To this end, we
perform numerical simulation on a simple model of fault gouge, and show that grain size segregation occurs under a conditiol
that may be relevant to faults gouge: the pressure of 1 MPa, the sliding velocity of 1 m/s, and the duration of 0.1 sec. Segregatio
occurs irrespective of gravitation and it is controlled by nonlinear velocity gradient. More importantly, we find that segregation
occurs even if the granular matter possess yield stress, and therefore segregation itself does not imply gouge-fluidization.

Keywords: segregation, fault gouge, nonlinear velocity gradient
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Friction of granular layer at seismic slip rates - Effect of wall disturbances
KUWANO, Osamu* ; NAKATANI, Masac? ; HATANO, Takahird ; SAKAGUCHI, Hide!

!MAT/JAMSTEC, 2ERI, Univ. of Tokyo

A natural fault has the cataclasite core zone, along which shear deformation concentrates. Rheology of these granular matte
thus provides us an important insight in considering the nature of friction on faults from a microscopic point of view. In the
past two decades, experiments conducted at sub-seismic to seismic slip rates (mm/s to m/s) revealed two remarkable phenom
of high-velocity rock friction; very long critical slip distance (Dc) of the order of 1-10m/s and the considerable weakening due
to mechanochemical effects by frictional heating. Recently, Chambon et al.[2006, JGR] conducted friction experiment with
very large shear displacement experiment on a thick granular layer, and reported significant slip-weakening behavior active ove
decimetric slip distances. However, the relation between long Dc observed in a thick granular layer and long Dc in the high-
velocity friction is still not clear. We designed laboratory experiments to explore transient responses of a thick granular layer
following a step change in slip velocity at seismic slip rates. We use simple particle and choose relatively low normal stress
to exclude the possible mechanochemical effects caused by frictional heat. We find that friction coefficient and layer thicknes:
show similar response that is symmetry with respect to velocity changes, and Dc is of the order of 10m. It appears that thes
responses are attributed to dynamics of granular matter. We report effect of wall boundary disturbance on the transient respons
of granular layer.
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Non-equilibrium thermodynamical interpretation for rate- and state-dependent friction
law

MITSUI, Noa'* ; VAN, Petet ; HATANO, Takahir@
lWigner Research Centre for Physics, Hungarian Academy of ScietiEashquake Research Institute, University of Tokyo

The rate- and state-dependent friction law is based on the experimental results of rock sliding friction. This law unifies two
types of rock experiment results; the first one is the time dependence of static coefficient of friction (Dieterich, 1972) and the
second one is slip velocity dependence of the dynamic coefficient of friction (Dieterich, 1978). This law is reproduced by using
two equations called as constitutive law and evolution law.

Several versions of evolution law have been proposed in order to reproduce the experimental data better. However, none
them are completely satisfied.

We analyze this rate- and state-dependent friction law for the velocity-step and the healing tests from a thermodynamic poin
of view. Assuming a logarithmic deviation from steady-state, both results are reproduced. The proposed system of equations
a unification of the classical models (Dieterich, 1979; Ruina, 1983).

Keywords: friction, constitutive law, non-equilibrium thermodynamics, evolution law
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Luminous phenomena due to impact shear fracture of various rocks
ENOMOTO, Yuji** ; YAMABE, Noriaki? ; MIZUHARA, Kazuyuki® ; MORI, Shigeyukt

IShinshu University, Shinshu Advance Science and Technology Center (SA8%hir)shu University, Department of Textile
Engineering?Tokyo Denki University?lwate University, Pepartment of Engineering

Seismo-electromagnetic (s-EM)/luminous phenomena could be occurred due to dynamic shear deformations/fracture of rock
during not only a main shock but also the fore- and after-shock. In order to understand the source mechanism, the seism
luminous phenomena, a kind of s-EM, from impact shear fractured rocks were conducted using a Sharpy impact tester equippe
with a CCD camera at room temperature in ambient atmosphere. In historical documents, luminous phenomona were ofte
eye-witnessed during sector collapse associated with earthquakes, such as Gokken-zan (1701 Hoei EQ), Mayu-yama (17
Shimabara, Unzen EQ),Ibuki-yama (1909 Kohno EQ). These mountains are consists of not only granite that has been often us
in the laboratory tests, but also tuff, pyroclastic, limestone and etc.

The experimental conditions are: the impact speed was 4m/s. the impact energy was 25 J. The shutter of the CCD came
was opened for about 1 second between just before and after the impact at the ISO speed of 25,600. In addition to the impa
tests, we also conducted both the thermally stimulated electron emission (TSEE) experiments and the thermal desorption ma
spectrometry (TDMS) experiments.

As the results, intense luminosity was observed from fracturing rocks including biotite. Limestone and pyroclastic also showec
luminous phenomena, but serpentine, ignimbrite and deposits of volcanic ash and sand did not. The mechanism of luminosity wi
be discussed in terms of ionization/discharge, thermo-luminescence and combustion of flammable gases contained in pyroclast

Keywords: luminous pehenomena, shear fracture of rocks, seismo-elecromagnetic, Sharpyi impact test
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Unified understanding of frictional instability based on Rowe’s theory on constant mini-
mum energy ratio

HIRATA, Momoko'* ; MUTO, Junt ; NAGAHAMA, Hiroyuki !
IDept. Earth Science, Tohoku University

1. Introduction

With respect to frictional instability, many studies on rate and state dependent friction law and the microstructural observa-
tions of a gouge layer have been conducted (e.g., Dieterich, 1979; Byerlee et al., 1978). Moreover, Ikari et al. (2011) indicate
that frictional parameter (a-b) transits with shear localization. However, the theoretical background for the relationship betweer
frictional parameter and shear localization has not been clear yet. To understand it, we need to assess deformation process
gouges (e.g., shear localization) quantitatively. Here, we focus on Rowe’s theory on constant minimum energy ratio (Rowe
1962) because deformation process of patrticles is treated quantitatively in terms of energy. We also conduct friction experiment
of simulated fault gouge to test the validity of the theory. So, based on the results, we aim to discuss frictional instability and
particle deformation quantitatively in terms of analytical dynamics and thermodynamics.

2. Theoretical background

A stability of a system (e.qg., a block slider model) depends on a non-linear effect of a damping (e.g., Thompson, 1982). Thus
stable slip is a result of a damping. In contrast, negative damping, or self-excited oscillation leads to unstable slip. The dampin
is decided by a damping constant; the system is stable when the damping constant is positive. Moreover, it is clear that displac
ment is controlled by the damping constant from the equation of motion. The damping constant derives from a friction force to a
system. So, positive or negative of the damping constant means directions of friction force. Then, we consider that the frictiona
parameter deriving from coefficient of friction can be described as a ratio of tangential force (friction force) to vertical force.
Therefore, frictional parameter has a close relationship with the damping force. Additionally, the relationship between stored
energy in a system and energy ratio, or the ratio of input energy to output energy, is obtained from Niiseki and Satake (1981) an
Landau and Lifshitz (1976). From these results, the range of energy ratio (K) is clear; in caselobifstem behave stable. On
the contrary, system behaves unstable whenR <1.

3. Friction experiments

12 friction experiments with simulated fault gouge (quartz) were conducted in a gas medium apparatus (Pc: 140-180 MPa)
A geometry of gabbroic split cylinders sandwiching gouge were 20 mm in a diameter, 40 mm in a length and 50 degree precu
from their cylindrical axis. The samples with gouge were loaded at a constant strain rat¢g)L0To obtain energy of gouge in
directions of the maximum and minimum compressive stresses, strain gauges were placed. The loading and stop loading perio
were repeated 4 times at differential stresses of about 190, 450, 640 and 800 MPa. After that, the sample was loaded again ur
strains exceeded the measurable range of strain gauges or unstable slip occurred.

4. Results and discussion

From our experiments, output energy can be expressed as a linear function of input energy. So, energy ratio of gouge is col
stant. Thus, gouge obeys Rowe’s theory. However, in detail, the change in energy ratio was observed depending on each stre
state. We consider that this change reflects the particle arrangement in each state, because energy ratio is a function of inter
friction angle. Moreover, the change in energy ratio indicates the change in the damping constant. Additionally, frictional pa-
rameter is equivalent to the direction of friction force decided by a damping force. Thus, the change in the damping constan
leads to the change in frictional parameter.

5. Summary

We investigated frictional instability of gouge by theoretical and experimental study. As a result, the physical and energetic
background for the relationship between frictional parameter and shear localization become clear by using the damping consta
based on Rowe’s theory.

Keywords: frictional instability, simulated fault gouge, friction experiments, a gas-medium apparatus, Rowe’s theory on constant
minimum energy ratio
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Effect of liquid viscosity on the shaking condition required for the granular medium flu-
idization
SUMITA, Ikuro'* ; YASUDA, Nao!

LGraduate School of Natural Science & Technology, Kanazawa University

A liquid-immersed two-layered size-graded granular medium, where the upper layer forms a permeability barrier against the
upward percolating liquid, is shaken vertically. A gravitational instability occurs above a critical accelefafiamd its ampli-
tude grows. We have previously reported the results of experiments for the water-immersed case (Yasuda & Sumita, 2014). He
we proceed to study the viscosity dependence by conducting experiments for the case in which the liquid is more viscous suc
that the Stokes velocity is smaller by a factor of 17, and shake it for a corresponding longer time span. We vary the acceleratio
and frequency of the shaking by 2 and 3 orders of magnitude, respectively, and find that fluidization occurs most efficiently a
a frequency band centered around 100 Hz. Importantly, the high viscosity (HV) case has a Bmafieaddition the instabil-
ity of the HV case has a shorter wavelength, and when scaled using the Stokes velocity, the growth rate is faster. The critice
acceleration becoming minimum at 100 Hz can be interpreted as follows. For a flame structure to form, a sufficient amount o
liquid should accumulate at the 2-layer boundary. A combined condition of energy and jerk of shaking exceeding their critical
values, can explain this frequency dependence. A smaller critical acceleration for the HV case can be interpreted as a result
viscous lubrication. To confirm this, we conducted shear stress controlled fluidization experiments of the jammed particles usin
a rheometer. We indeed find that the fluidization occurs under a smaller shear stress for the HV case. Our experimental situatic
in which the gravitational instability occurs can be approximated as a thin low density, low viscosity layer underlying a thick
high density, high viscosity (with a viscosity whichsise that of the low viscosity layer) layer. For this situation, linear stability
analysis for viscous fluids indicate that the wavelengihsgales as\ oc €'/3. Our experimental results suggest thaiecomes
smaller for HV case such that becomes shorter. A smallervalue for HV case is consistent with our result indicating that
fluidization occurs under a smaller acceleration.

Our experiments indicate that if shaken for a sufficiently long time, fluidization of the HV case occurs under a smaller ac-
celeration because of viscous lubrication. This implies that fluidization of magma is more susceptible to fluidization than the
water-saturated case. This may be relevant to liquefaction of magma and earthquake triggering of volcanic eruption.

Reference

Yasuda, N., Sumita, |. 2014, Shaking conditions required for flame structure formation in a water-immersed granular medium.
Progress in Earth and Planetary Science, 1:13.

Keywords: earthquakes, liquefaction, fluidization, magma, triggered eruption, shaking experiments
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Understanding characteristics of the granular compaction by analyzing visualized stres
chain

IIKAWA, Naoki'* ; BANDI, Mahesl ; KATSURAGI, Hiroakit
I'Nagoya University, EnvironmentQIST

Granular material is defined by an ensemble of many solid grains. Although the grains composing granular material are solid
granular material sometimes behaves like fluid [1]. The rheological property of granular matter is very complex in general.
Granular matter deeply relates to various phenomena occurring on the earth and planetary environments. For example, «
avalanche or a liquefaction of ground caused by vibration such as earthquake relates to the complex nature of granular behavi
In this study, we focus on the granular compaction induced by vibration. Granular compaction is a peculiar phenomenon observe
in various granular related behaviors, it is usually defined by the increase of the packing fraction of a granular bed.

To reveal the granular behavior, researchers have carried out various experiments. As a result, deeper understandings for 1
granular behaviors have been obtained. However, these understandings have not yet been perfect. In general, image analy
and data acquisition by sensors are used to investigate the granular behavior. For example, we can measure the packing fract
or the patrticle velocity in granular material from the former method [2]. In addition, the data such as pressure or acoustic wave
on granular material can be obtained from the latter method [3]. However, we cannot completely understand the characteristic
of individual particles from these macroscopic quantities. By using photoelastic discs, recent studies succeed in measuring tt
force applied to particle at each contact point and the stress distribution in a bulk granular material, so-called stress chain in th
case of two dimension [4].

In this study, we carry out the experiment of tapping-induced granular compaction using photoelastic discs for granular materia
to understand granular compaction. In the experiment, we add vertical tapping to photoelastic discs piled layer in two-dimensiol
(2D) experimental vessel. For this experiment, we use 2D experimental vessel made of acrylic plates and fill it with bidisperse
photoelastic discs. To lead to the granular compaction, we tap the experimental vessel by using an electromagnetic vibrator. W
systematically vary the tapping condition, the duration of tapping impulse and applied maximum acceleration. As a result, the
degree of granular compaction varies depending on tapping condition. By taking and analyzing pictures of this 2D experimenta
vessel in the bright and dark fields at initial and tapped states, we obtain following results.

(1) Although both the packing fraction and total internal forces in the granular pile increase by the tapping, the latter saturate:
more quickly than the former.

(2) The applied forces on each particle become large, but the total length of the stress chain is almost constant during th
granular compaction caused by tapping.

(3) The degree of granular compaction strongly depends on the applied maximum acceleration rather than the number c
tapping or the duration of the tapping pulse.

Reference

[1] Jaeger, H. M., Nagel, S. R., and Behringer, R. P. (1996). “Granular solids, liquids, and gases.” Rev. Mod. Phys., 68,
1259-1273.

[2] Philippe, P. and Bideau, D. (2002). “Compaction dynamics of a granular medium under vertical tapping.” Euro. Phys.
Lett., 60, 677.

[3] Matsuyama, K. and Katsuragi, H. (2014). “Power law statistics of force and acoustic emission from a slowly penetrated
granular bed.” Nonlinear Processes in Geophysics, 21, 1-8.

[4] Bandi, M. M. and Rivera, M. K. and Krzakala, F. and Ecke, R. E. (2013). “Fragility and hysteretic creep in frictional
granular jamming.” Phys. Rev. E., 87, 042205.
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Transition between frictional sliding and viscous flow in magmatic fractured zone
OKUMURA, Satoshi* ; UESUGI, Kentard ; NAKAMURA, Michihiko ! ; SASAKI, Osamt
IDepartment of Earth Science, Graduate School of Science, Tohoku Univédaiyan Synchrotron Radiation Research Institute

Silicic magma intruded into shallow parts of volcanic conduits experiences shear localization and shear-induced brittle frac:
turing, resulting in the formation of a magmatic fault along conduit wall. Once the fault is formed, the frictional behavior of the
fault controls the magma ascent process. The weak magmatic fault lubricates magma plug in the conduit, which results in rapi
magma ascent and hence explosive volcanism. In contrast, if the fault heals during magma ascent, the ascent is controlled |
viscous flow. In the viscous flow, magma is sheared, which causes efficient outgassing though shear-induced bubble coalescer
and elongation. Thus, the healing of the fault may results in non-explosive volcanism. Here, we observed torsional deforma
tions of a rhyolitic melt and a magmatic fault gouge in-situ at temperatures of 8002906ing synchrotron radiation X-ray
radiography. The torsional deformation rate was set to be 0.1 to 10 rpm, corresponding to equivalent slip velocitiés of 2
to 2x1072 m s~! and shear strain ratesl s~!. The experimental temperature is greater than the glass transition temperature;
hence, the experiments were conducted for supercooled rhyolitic melts. In experiments for rhyolitic melts, we observed brittle
fracturing and formation of magmatic fault along a rotational piston. The fault did not heal under the constant deformation
rate. In experiments for the magmatic fault gouge, the magmatic fault showed a frictional sliding as well as viscous flow; the
deformation is controlled by the viscous flow under higher temperature, low deformation rate, and high normal stress. Based o
the experimental results, we propose the ratio of timescales of fault healing and deformation as a criterion for transition betwee
frictional sliding and viscous flow. The experimentally calibrated transition criterion infers that frictional sliding is predominant
from several hundred meters in the conduit during explosive eruption on silicic volcanism; this may explain the rapid magma
ascent without efficient outgassing. In contrast, once the fault heals, magma ascent may decelerate, resulting in effusive eru
tions. In addition, the repeated magma fracturing, sliding, and healing would be a possible explanation for the cyclic behavior of
magma ascent.

Keywords: Silicic magma, Viscous flow, Frictional sliding, X-ray radiography
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Shear-induced instability of an aging suspension
KUROKAWA, Aika'* ; VIDAL, Valerie? ; DIVOUX, Thibauf ; MANNEVILLE, Sebastief ; KURITA, Kei!
IEarthquake Research Institut&cole Normale Superieure de LyoiGentre de Recherche Paul Pascal

In general, magma is one of typical examples of complex fluids. First of all it is a multi-phase mixture of contrasting physical
properties. The volume fraction can easily change with the environmental conditions so that interactions between the constituel
phases are highly variable. The characteristics make the magma complex. Rheology is an intrinsic property characterizing tf
complex fluid. Magma also exhibits non-Newtonian behaviors such as the existence of yield stress [M. Saar et al., 2001], shea
thinning [H. Sato, 2005], thixotropy, which is a kind of aging property [H. Ishibashi and H. Sato, 2007], and shear localization
[S. Okumura et al., 2013, A. Hale and H. Muhlhans, 2007] under certain conditions. Consequently magma flow is expectec
to be unstable by control of complex rheology and it might be related volcanic oscillation phenomena such as volcanic tremor
However there are few studies, which focus on flow behaviors caused by the complex characteristics of magma rheology so f
since it is difficult to control flow in magma and obtain reproducible results at high pressure and high temperature.

For this reason, instead of using real magma but by using analog material this study aims to reveal possible control of comple
rheology in magma flow dynamics. We particularly focus on shear-induced instability of the suspension such as shear-bandin
phenomena to drive unstable and oscillatory flows. As an analog material we utilized an aging suspension of fine silica particle
(Ludox TM-40, Aldrich) with salt water. The suspension is known to have yield stress, aging behavior and thixotropic natures
[Moller et al., 2008], which can be an analog for the magma complexity. A series of rheological experiments with the use
of a rheometer (AR1000, TA Instrument) and 1D and 2D ultrasonic speckle velocimetries (USV) [S. Manneville, 2004] have
achieved to observe global rheology and local velocity profiles in the flow simultaneously. By results from the experiments under
various conditions changing applied shear rate and aging time, we conclude that the flow behavior can be divided into three type
fluidization, unstable shear banding, and stable shear banding. In the cases of fluidization and unstable shear banding, shear st
fluctuates when the width of shear band and slip velocity show large shift. In this way, it was revealed that fluctuation of shear
stress could occur in this kind of suspension and both shear-banding and wall-slip are responsible for driving the shear-induce
global instability.

Keywords: aging, rheology, suspension, shear band
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Fundamental aspects of the thermo-elasticity in the columnar joint formation
TORAMARU, Atsushi* ; HAMADA, Ai !
!Department of Earth and Planetary Sciences, Faculty of Sciences, Kyushu University

Columnar joints form as a result of unidirectional propagation of cooling and the consequent thermal contraction. So far in
interpreting the columnar regular structures at nature, two hypotheses are assumed about the fracture threshold and propagat
direction: 1) fractures take place at a certain temperature, that is, at the isothermal surface corresponding to the yield streng
(fracture threshold hypothesis). 2) fractures propagate perpendicular to the isothermal surface (propagation direction hypothesi
However, those hypotheses have not been proved on the basis of the thermo-elastic theory. In this paper, we analytically sho
using the thermo-elastic theory in 2D, that these two hypotheses are correct under the specific circumstances. Firstly we deri
the relation between the stress field and temperature field in terms of principal stress difference, stress invariant and temperatu
From the relation, we understand that the principal stress difference contributing to the crack initiation is exactly equivalent to &
certain temperature when the minimum principal stress is small enough. The temperature corresponding to the crack initiatior
which is determined by the yield strength, defines the fracture isotherm or crack front. Secondly we derive the direction of
maximum extension on the fracture isotherm as function of azimuthal angle. If the stress is completely released in the regiol
where fracturing already occurred and cracks are present, that is, where temperature is less than fracturing temperature, th
the shear stress on the fracture isotherm must be zero, and one of principal stress is perpendicular to the fracture isotherm a
another principal stress is along the fracture isotherm. These geometric relations naturally mean that the direction of maximur
extension is perpendicular to the fracture isotherm. Numerical calculations well explain morphological features derived from our
analog experiments, indicating that two hypotheses work correctly in real systems.

Keywords: columnar joint, thermo-elasticity, thermal stress
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Analogue experiments of reproducing morphological features of entablature in columna
joints
HAMADA, Ai '* ; TORAMARU, Atsush?

IDepartment of Earth and Planetary Sciences, Faculty of Sciences, Kyushu Univsipgartment of Earth and Planetary
Sciences, Faculty of Sciences, Kyushu University

There are various types of morphological features in columnar joints, i.e. column width, column configurations (straight or
curved) and the directions of developed columns. We have conducted analogue experiments by use of potato starch and wa
mixture to reproduce morphological characteristics of entablature and we have found the following two results: 1) when the
desiccation rate increases instantaneously on the half way of columns development, the number of columns increases by colur
nucleation, 2) the direction of developing columns is perpendicular to the isopleth surface of the same water concentration witl
the exception under particular circumstances of stress field. In order to observe the time evolution of column development ir
the case of the spatially inhomogeneous desiccation rate, we used the X-ray CT (MCT 225 made by Nikon, owned by Fukuok
Industrial Technology Center) at a certain interval of time during the development of columns. We prepared potato starch anc
distilled water mixture with the same mass 150g each in a plastic cylindrical container. The light source (60 W lamp) is located
at 3 cm above the surface of mixture thereby the thermal heterogeneity on the surface is made due to the highest desiccatit
rate just below the lamp and the lowest desiccation rate at the edge of circular sample surface. We took the X-ray CT image
every 2 or 3 hours during the daytime to observe the change of water distribution by the gray scale intensity together with cracl
developments in the mixture with time. As a result, there is a higher brightness area like a crescentic shape at upper part of tt
mixture, which indicates lower concentration of water than at lower part, before the initial generation of cracks on the surface of
the mixture. The area in which cracks develop coincidently take a similar crescentic shape. The lower area below the crack fror
indicates homogeneous brightness. The crack front advanced to the depth with keeping its crescentic shape and cracks develo
not perpendicular to the crack front, indicating the discrepancy with the theoretical prediction for the crack direction under the
simple condition. This discrepancy may be caused by the mechanical effect at the edge of the plastic container. In addition, w
conducted the experiments in the case of drying from 3 non-parallel surfaces which provide spatially homogeneous desiccatic
rate each. We put the mixture into a triangular prism shaped metal frame. Two sides are dried through the membrane (surfac
B and C) and the other top side is dried directly on the air (surface A). We conducted experiments in the cases thatthe angle
between surfaces B and C is 60 degree and 90 degree each. As a resulf, wi®&ndegree, columnar joints developed from
surface A, B and C simultaneously merge in the center of the mixture with curved structure which are fan-like structure at the
edge of the triangle. From the comparison with the theoretical results, the characteristics of curved structure can be explaine
by the condition that a crack propagates perpendicular to the iso-concentration surface. We will investigate the interaction o
columns developed from different directions in terms of angles between the desiccation surfaces as a parameter.

Keywords: columnar joints, analogue experiment, entablature, morphological features
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Experimental study on the rheology of ice-rock mixtures: Implications for cosmoglaciol-
ogy

YASUI, Minami'* ; ARAKAWA, Masahiko!
LGraduate School of Science, Kobe University

Icy bodies in the solar system have various shapes, bulk densities, and surface features. Icy satellites have a wide range
bulk density, 300 to 3000 kg/fnand those with small density have a residual porosity in their interiors while those with high
density are composed of ice-rock mixtures. The shape of icy satellites is determined by the ratio of the stress by gravity an
the material strength, that is, icy body has spherical shape when the internal stress is beyond the material strength. Furthermo
glacial features and large-scaled faults are observed on Mars polar regions and the surfaces of giant icy satellites such as Euro
Such the variations of shape and density and the tectonics of the surface features on Mars and icy satellites are controlled by t
rheology and the failure stress of constituent.

Many researchers examined the rheology eOHce. Particularly, they examined the effects of temperature and grain size on
the flow law by laboratory experiments and field observations. However, icy bodies in the solar system are composed of ice-roc
mixtures with various rock contents and small icy bodies are porous because of their small densities. Furthermore, the surfac
temperature can be estimated from the radiative equilibrium temperature while the internal temperature must be higher than tt
surface temperature. But it is very difficult to estimate the internal temperature distribution. Therefore, in order to clarify their
evolutions and tectonics of Mars and icy satellites, we must examine the rheology of ice-rock mixtures in the wide range of
rock content, porosity, and temperature. In this study, we did deformation experiments of ice-rock mixtures and examined thes
effects on the flow law systematically.

The samples were prepared by mixing ice particles with the diameter smaller thammi7ra0d amorphous silica beads with
the diameter of um. We prepared two kinds of samples. One is a frozen sample (f.s.) which is made by mixing ice particles,
silica beads, and liquid water. The silica volume fraction of the f.s. was from 0 to 0.63 vol.%, and the porosity was 0%. The other
is a pressure-sintering sample (p.s.s.) which is made by the compaction of ice particles and silica beads. The silica mass conte
of the p.s.s. was 0, 30, and 50 wt.%, and the porosity was changed from 0 to 25%. We did uniaxial compression tests unde
constant strain rate from 857 10~7 s™! t0 8.3 x 10~* s ! in the cold room at ILTS, Hokkaido University. The temperature was
set from -10 to -25C.

We examined the flow law expresseddagit=A (exp(-Q/RT)c maz", Which o, .. is the maximum stress on the stress-strain
curve andde/dt is the strain rate. The dependence of the silica content was different between f.s. and p.#:s,, linereased
with the increase of the silica content in the case of f.s. while it decreased in the case of p.s.s.. On the other fignd, the
decreased with the increase of the porosity or the temperature for both samples. From these results, we obtained the paramett
Ao, Q, n, on the flow law. The powen and the activation energ® depended on only silica content, and that the silica
volume fraction larger than 0.15 became twice larger than that of pur@#3).(TheQ increased with the increase of the silica
content. TheA, depended on the silica content and the porosity, and the empirical equatjieBexp(¢), which ¢ is the
porosity, andB anda are constant depending on the silica content, could be obtained.

Next, we examined the deformation modes, ductile deformation or brittle failure. As a result, the f.s. at the silica volume frac-
tion larger than 0.29 showed brittle failure at the temperature lower thaf€-2Dhe temperature at the brittle-ductile boundary
of the mixtures was 30-5@ higher than that of pure ice at constant strain rate.

Keywords: Mars polar regions, icy satellites, ice-rock mixtures, porosity, flow law, brittle-ductile boundary
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Etlasticity, anelasticity, and viscosity of a polycrystalline material at near-solidus temper-
atures

YAMAUCHI, Hatsuki'* ; TAKEI, Yasuko'
IEarthquake Research Institute, The University of Tokyo

For a quantitative interpretation of seismic structures in the earth’s interior, understanding of rock anelasticity over a broac
frequency range is needed. There are high-@nd low-V regions in the upper mantle. To interpret them, it is important to
understand effects of melt on anelasticity.

Anelasticity of mantle rock or rock analogue at seismic frequencies have been measured intensively. We use polycrystallin
aggregates of organic "borneol” as rock analogue to accurately measure the anelastic properties over a broad frequency range
sample made from borneol + diphenylamine binary system partially melts,a 3 °C and its equilibrium microstructure is
quite similar to that of olivine + basalt system.

Using these samples, forced oscillation tests have been performed to measure anelasticity as a function of frequency f, ter
perature T, grain size d, and melt fraction McCarthy et al. (2011) showed that polycrystal anelasticity follows the Maxwell
frequency (f;) scaling, by demonstrating that all attenuation spectra(€) obtained under various experimental conditions
collapse onto a single master curve 'qf/f ;). However, this result was obtained from the data af f£10°, which is lower
than the seismic frequencies normalized tpih the upper mantle (f&f/f ;<10°). Recently, Takei et al. (2014) measured
Q! of rock analogue up to fff ~ 10° and showed that the Maxwell frequency scaling is not fully applicable t@ 10"

They showed that the deviation from the master curve increases with increasing homologous temperat(fe,T/3olidus
temperature) and/or grain size. Based on their results, they speculated that at near-solidus temperaturésamdho@ V
can occur even without melt. However, their data were limited tg,;&0.93. Data at T/J,>0.93 are needed to examine the
detailed behavior at the onset of melting.

In this study, we prepared 4 samples made from borneol + diphenylamine binary eutectic system with different grain sizes an
melt fractions. Anelasticity of these samples was measured at near-solidus temperatures/10.881.01). In order to clarify
the mechanism of anelasticity, mechanical data over a broad frequency range are needed. Therefore, in addition to forced oscill
tion tests, ultrasonic tests and creep tests were conducted to measure elasticity and viscosity at the same temperature conditic

The samples were pre-annealed at supersolidus temperatures to prevent the rapid grain growth at the onset of melting. TF
improvement enabled us to measure elasticity, anelasticity, and viscosity at near-solidus temperatures and examine how the
properties behave at the onset of melting. We found that although the ultrasonic velocities are discontinuously reduced by th
poroelastic effect of melt, anelasticity and viscosity changed continuously with temperature even at the onset of melting. Base
on these data, an empirical formula of the relaxation spectrum X was obtained as a function of nondimensional vayjaids f/f
T/T,,. A preliminary appreciation of the formula to the upper mantle suggests that hi§lai@l low V can occur at near-solidus
temperatures even without melt. It also suggests that seismic attenuation changes continuously even at the onset of meltir
whereas seismic velocity changes discontinuously due to the poroelastic effect of melt.

In this study, the temperature dependence of anelasticity could be captured at near-solidus temperatures, but dependences
the grain size and melt fraction couldn’t be captured. This is because the samples that experienced partial melting show variot
hysteresis effects, and the hysteresis effects masked these effects. Our next step is to investigate effects of grain size and
fraction on anelasticity by using samples that do not experience partial melting and hence are free from the hysteresis effects.

Keywords: anelasticity, seismic attenuation, melt
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