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In-situ stress-strain measurement of bridgmanite
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In order to understand mantle dynamics in the Earth’ s interior, it is important to know the viscosity of the
Earth’ s lower mantle. One dimensional viscosity models of the Earth’ s mantle were proposed by
geophysical observations while there are large inconsistencies of viscosity (273 order magnitude) in the
lower mantle between suggested models. Therefore it is important to determine viscosity of lower mantle
minerals by high pressure experiments in order to understand mantle dynamics. In this study, we
conducted in-situ stress-strain measurements of bridgmanite aggregate using Deformation-DIA type
apparatus as Kawai-type.

In-situ measurements were conducted using SPEED-Mk.II, which is D-DIA apparatus, as Kawai-type
apparatus at SPring-8 BLO4B1. Mg-pure bridgmanite aggregates were used as starting material.
Experimental conditions are 1473-1673 K and 27-28 GPa. Pressures were estimated by equation of state
on bridgmanite (Katsura et al., 2009). WC second cubic anvils with slit or cone (5°) to take tomography
and 2D X-ray diffraction, was used along X-ray path. X-ray radiographies of the strain markers were taken
using an imaging system composed of a YAG crystal and a CCD camera. Two-dimensional X-ray diffraction
patterns were corrected for 180-300 s using CCD detector. To calculate pressure and the stress
magnitude of bridgmanite, (111) (112) (200) X-ray diffraction peaks were used.

Measured uniaxial stress and strain of bridgmanite during deformation experiments were 0.3-1.3 GPa and
< 6 %. Flow law in dislocation creep is described by,

de/dt=Ac%exp(-E/RT) (1)

where d & /dt is strain rate, A is pre-exponent, ois stress, E is activation energy, R is gas constant and Tis
temperature. Least squares fit of Eq. (1) to these viscosity data yielded A= 10" and E = 372 +40
kJ/mol. This activation energy of flow low is similar to that of atomic diffusion of bridgmanite by Xu et al.
(2011). This fact supported deformation mechanism could be dislocation creep controlled by dislocation
clime.
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Diffusion creep and grain growth in forsterite + 15vol% enstatite
aggregate
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In this study, we conducted grain growth and creep experiments on the same fine-grained forsterite +
15vol% enstatite aggregate under high temperature. We rapidly changed load applying to the sample for
“stepped test” , which was aimed to infer creep mechanisms at a wide range of stress. We gradually
changed temperature under application of a constant load for “gradual temperature change test” to
collect vast numbers of stress/strain rate/grain-size/temperature data which allow their statistical
analyses to obtain precise flow parameters such as pre-exponential factors and activation energies for
given flow laws. Grain growth experiment with a long duration (= 500 h) at different temperatures was
aimed to obtain a precise temperature dependency of grain growth. Dependency of n on stress was
investigated from the results of stepped tests conducted at temperatures from 1150°C to 1370°C at stress
ranging from 5 MPa to 300 MPa. We found monotonic decrease of stress exponent from 2 to 1 with
increasing stress and its rapid increase to > 3 at high stress regime. We inferred that interface-reaction
control diffusional creep and grain boundary (GB) diffusion creep worked sequentially at low stress, while
GB diffusion creep and dislocation creep worked parallel at high stress condition. Activation energy of
432 kJ/mol for GB creep and pre-exponential factor of 6.15x10"" um>K/MPa/sec were obtained from
MCMC analyses mainly of the results of gradual temperature change tests. Grain growth experiment
showed a monotonic increase in grains size of both forsterite and enstatite phases with increasing
temperature at > 1300°C.
Diffusivities estimated from creep and grain growth rates using classic GB diffusion creep and grain
growth laws well coincide at all experimental ranges indicating that governing diffusional processes for
creep and grain growth are identical. We compare our obtained diffusivities with the results of previous
direct measurements on grain boundary self-diffusivities of MgO (Gardes and Heinrich, 2011) and Si (Fei
et al, 2016) finding that MgO GB diffusion rather than Si explains our observations.
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Creep behavior and high-pressure faulting during the olivine-spinel
transformation in fayalite
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Transformations from metastable olivine at large overpressures in cold subducting slabs may cause
significant grain-size reduction and lead to the slab weakening and deep earthquakes. It is indispensable
to investigate the coupling process between transformation and deformation under pressures of mantle
transition zone. In the present study, we examined creep behaviors during the olivine-spinel
transformation in fayalite (Fe,SiO,) up to "14 GPa and observed some evidences for transformational
faulting. Deformation experiments were conducted using a Deformation-DIA apparatus in the beamline of
BLO4B1 at SPring-8. After annealing polycrystalline fayalite at 3.5 GPa and 900°C for 2 h, we observed
the olivine-spinel transformation at “6-14 GPa and 873-1173 K with and without deformation (in uniaxial
compression with constant strain rate of 3-5 x 107 s™"). Stress-strain and transformation-time (strain)
curves were simultaneously obtained from time-resolved measurements of two-dimensional X-ray
diffraction patterns and X-ray radiography images using monochromatic X-ray (energy 50-60 keV).
Overpressures needed for initiating the transformation increased with decreasing temperature from 1.5
GPa and 1173 Kto 3.8 GPa at 973 K in the case of no deformation. When the sample was deformed, the
overpressures decreased by "0.5-1 GPa, suggesting the enhancement of spinel nucleation by stress
and/or deformation. Stresses in olivine, spinel, and the bulk sample (from stress marker arranged in
tandem) were similar at the initial stage, and then spinel becomes dominant deformation phase at around
70% transformation. In these runs conducted at more than 973 K, transformation occurred at grain
boundaries of parental phase, and the reaction rims were not formed. On the contrary, larger
overpressures than "5 GPa are needed to cause transformation at lower temperature of 873 K even with
deformation, in which we observed faulting across the sample associated with lamellar intracrystalline
transformations and micro fracture. The thin intracrysatlline lamellae in olivine crystal developed almost
parallel to the main fault and consisted of sub-micron fine-grained materials. This may correspond to
transformational faulting as previously observed in germanate olivine at lower pressure conditions of "5
GPa (Schubnel+, SCI13), however further studies with AE measurements and TEM analysis are needed to
understand the detailed process. We did not observe clear evidence for the weakening of bulk sample
due to the grain-size reduction as proposed in previous studies.
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On the bodies in the solar system such as Earth, Mars, and icy satellites, various landforms related to the
flow and the fracture of ice-rock mixtures are found; for examples, glaciers on Earth, fretted terrains on
Mars, relaxed craters and trough terrains on Europa and Ganymede. To clarify the formation processes
and structures of these features, it is necessary to understand the rheological properties of ice-rock
mixtures.

Ductile-to-brittle (D/B) transition is one of the most important rheological properties to determine the
tectonic style on the bodies, flow features and fracture patterns. The D/B transition of water ice has been
studied by some researchers and a theoretical model for the strain rate corresponding to the D/B
transition was proposed [Schulson, 1990; Renshaw and Schulson, 2001]. This model indicates that the
transitional strain rate depends on ice grain size, temperature, confining pressure, and degree of
pre-cracks. However, the D/B transition of ice-rock mixtures has not been studied yet. In this study, we
carried out compression experiments on ice-rock mixtures to examine the D/B transition. One of the
parameters which is expected to affect the D/B transition of ice-rock mixture is a rock content. So we
examined the effect of rock content on D/B transition and compared the experimentally observed
transitional strain rates to predictions of the model proposed earlier.

The samples were prepared by mixing ice seeds (diameter < 850 wm) and amorphous silica beads with a
diameter of 0.25 um. To fill spaces and to reduce porosity of sample as soon as possible, the distilled
water at 0° C was filled. The samples were frozen over a period of one day in a cold room set at -10° C. We
made samples with silica volume fraction fof 0, 0.06, and 0.18. The sample has a cylindrical shape with a
diameter of 30 mm and a height of 30 or 60 mm. We performed unconfined compression experiments
under constant strain rate from 10° to 0.6 s in a cold room at Ice Research Laboratory, Dartmouth
College. The room temperature was set to be -10° C.

The deformation behavior, ductile or brittle, under compressive loading is characterized by the shape of
stress-strain curve and by the relationship between peak stress on the stress-strain curve and strain rate.
In the case of water ice, the peak stress increased exponentially with increasing strain rate in the ductile
regime while it decreased with increasing strain rate in the brittle regime. In the case of ice-silica mixture
with =0.06, the peak stress change with strain rate was similar to that with pure ice (=0), that is, the peak
stress reached a maximum at the D/B transition. However, in the case of ice-silica mixture with =0.18, the
peak stress continued to increase with increasing strain rate. The stress-strain curves for =0.18 remained
ductile-like for all strain rates, so the D/B transition for /=0.18 was expected to be greater than the
maximum strain rate (0.6 ') explored in this study. Consequently, the transitional strain rates for pure ice
and ice-silica mixtures were determined; 103-102 5™ for pure ice, 102-10" s for ~0.06 and > 0.6 s™' for
=0.18. We found that the transitional strain rate increased with increasing silica volume fraction.

Finally, we compared the theoretical value predicted from the model by Schulson [1990] to the
experimental value. In the case of pure ice, the theoretical transitional strain rate was in good agreement
with the measured value. On the other hand, in the case of ice-silica mixtures the theoretical value was
larger than the measured value. This might be caused by high sensitivity of the transitional strain rate to
the stress exponent n, in the power law relationship between peak stress and strain rate (d € /dt=B apeak”).
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Effect of solid particles and grain boundary on deformation of
fine-grained polycrystalline ice
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TN =S RKEKDODZEIZLHKEEDOTELEHICE VW TAEAFELA T > TVWS, KEKKOEHCPEEL
b%BRETZEIF. BRALACEEERESLEOBBEFNICHERTRTH S, FFICNEGISEMIEN S
) =S NEREBOKRISARE R TRAFENKE ., ZORREEAHI KD 5N TWS (Joughin et
al., 2010) , KEEFRBEIAEABEBRAT—ILE2FH>TWVW3EH, ZORBAAXERT ZDIKKEERT 5%
BRKOTA7ART—ILOYBIRKTHD I &I bh>T&E7% (Fariaetal, 2014) , KKERDZIERKD
FREANLERNRRICL > TICEBREINTWE A, REOKEKIIHL2BRERICK > THREREBIEMLEI N
TW3, KEKRIATZICEBAWICDHETZ 59T 4Ny REBENZBIETMMAE L ESATHE Y, AE SR
THEHNEIMBHICA>TWS, BFEBAFEKOBEERICOWTIRINETHERINTELD
(Rempel and Worster, 1999, Durand et al., 2006) . Z#EERKCIKEKRI FICH T 2FFMAFEIZDOWVWTIER
R EANS < EHINTWVWS,

B2 TR ZAERK DN 2HM E BEBRFOFEICOWTHARSZLHICY Y HE R—TLEATIK B
KEMELTEONEZERK) 2AVTHARBEEENRGEO T COBEERERE T o/, —EDERRBROIE
B, NI YAEEKIIMAKICHERTRRBUENNES W &, 2V HEBEKOEEE (TEE) (dHtkK
ICHARTEWC &, )fiKK - DY HEBKESICRNERE (BEE7)—7H) PHEALWVWI EABESHIC
Bolz, —MMAEBIITMYASUEBUETHLICKKARZEVWIHEAF > TVWEN, BRBR FESEIC
LOTERENKEL BRI EVDIAFERIIESE L ITHDIMERTH B, KHURDZERIKOBMERILERM Y
) —THEBETH 2 I ENEITHENSELSNMIR>THY., MARKKAREETILTRASINTEL
(Cuffey and Paterson, 2010) , LA LD S, —fRMICEML 7 ) — T IZHRICEK S W8, KEBRTHES
NI REREEIERARIEEERICHEL TV S AREEETERLTWS,
ARERTIIHRADBEEAFRE T TIT > HEMERER A TIC. BRBALT L ZERKORENR 1S SEH
IC5EZPHE, T LTV —r Y RKEREOERLE ORREMICOVWTERT %,
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Water ice is a primary constituent of the crusts and mantles of the large icy bodies such as Galilean
satellites and Edgeworth-Kuiper belt objects. Understanding rheological properties of water ice including
its high pressure phases are essential to understanding the dynamics of the large icy bodies. The real icy
crusts and mantle include other constituents such as ammonia, Mg- and Na- sulfates, methane hydrate,
and non-water ices. The influence of the sub-constituents on the dynamics is never negligible. The
dynamics model based on the unary water system, however, will give some important implications, and be
the useful approximation.

Our motivation for the rheological studies of water ice is the first step to understanding the dynamics of
the real large icy bodies.The differential stress driving the convections of the icy crust and mantle is very
low below 0.01 MPa. The deformation experiments at low-stress conditions are technically difficult. Thus
the rheological properties of water ices must be examined by another approach. Newtonian-rheological
model is most plausible under such low-stress condition. The Newtonian-rheological properties can be
inferred from their diffusivities and the theories of diffusion creep. The ordinary isotope-diffusion method
using the mass-spectrometer cannot be applied to the ice diffusion study. To defeat this problem, we have
developed the isotope-diffusion method using micro-Raman spectroscopy. First, to conduct the diffusion
experiments, the method for the quantitative analysis of isotope tracers using micro-Raman spectroscopy
was constructed. The diffusion experiment of poly-crystalline ice |, under confining pressure was carried
out by using this technique, and the grain boundary diffusion coefficient was constrained. Further, we
applied this method to the high pressure experiment using diamond anvil cell, and the diffusion
coefficients of high-pressure phases were determined. In my presentation, | would like to talk about our
efforts to determining the rheological properties of the ices and its high pressure phases through the
diffusion studies following a short review for the previous studies. In addition, | will also discuss the
condition requires to trigger convection in the large icy bodies based on the results of the diffusion
experiments.
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Montmorillonite abundantly exists in the slip zones such as earthquake faults and landslides. Water
contents are an important factor for controlling slip behavior, since montmorillonite contains a
considerable amount of water molecules compared with other clay minerals. Clay-water system is known
to act as a Bingham fluid and we estimated yield stress and Bigham viscosity at different water contents
from 100 to 1000 % using a rheometer (Brookfield Rheometer). Starting material is montmorillonite
(JCSS-3101; Na-montmorillonite from Tsukinuno, Yamagata Prefecture, NE Japan) provided by Japan Clay
Science Society. Yield stress drastically decreases from ca. 20000 Pa (100% water content) to ca. 3000
Pa (600%), and it does not remarkable change at higher water content conditions. Bingham viscosity also
large decrease from 1.6 Pa - s (100 % water content) to 0.4 Pa - s (600 %) and then it does not show
remarkable change at higher water contents. Thus, there is an inflection point at 600%. The consistency
limits of montmorillonite are accepted as ™ 10 %, 54 ~ 98 %, and 290 ~ 710 % for the shrinkage, plastic,
and liquid limits, respectively. The inflection point is well correlated to liquid limit of montmorillonite.
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Effect of humidity and interlayer cation on frictional strength of
montmorillonite
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(=408 51!

AATY4 MNIKTBEETERBNICE 5N 384% T (Ohtani et al,, 2000; Schleicher et al., 2006; Kameda
etal, 2015) . BVWERRHTEHOII 5N S Z &5 (Summers and Byerlee, 1977; Shimamoto and
Logan, 1981) . WiBESICEWVWTEERRIEZRAELZLTWVWBEEZLNTWS (lkari et al., 2007; Ujiie et
al, 2013) o AX V94 KMNE, BN - BEI M EBMTZIIEBEAICESEFNZKOENFEILT BD T, HTEERIF
EEKENEVLTEEEZBND (Bird, 1984) , 7=, RAICIE. BEICEET 2XMMEGA AV DELRS
AX094 "D EEL, BEBA A VDERZAA VY4 NOEENREIICE >TELTEZZEHEHMO A TWY
% (Kamedaetal, 2016) , L7=n> T, KMKRECERGA 4+ OB MT 2 &id. HTDRXV S
1 NOEERGMZIBRIZ2ELTEETH D, LML, BRABA A VERBLEZAA IS4 MIDWT, KK
REAGIHEHL CTEEEREIT>AEMTIZIFZIEAEEFEELAVL, TITEAMETIE, NaErEUOF 1 M (HBEY
BAXADZAN) EBREBA AV ACalcRBLAZEVYE)OFA NEAWT, KIREAHIEL/-KUHTTE
BRRAETo 7,

(Fi£)

KIREIGHABEY OBEEZHHTZI LICL > THEITZ 2D T, LERZO ZEHERHARE ICIEEHIHE
VATLEHERLE, TOVAT AR, RABICEEEEY NTEIEARBIIZ-Y b, ENBEBRNICET E S
DIADEKERLI=Y bD2DD1=y "D OHD, ENBRHNDOEBELEANRRICEY ADEIDERE %4
ICHIET A EICKY ., BRREAMIICHEL, AREAYOEREEZFIEL L, AMRTIE. EFEE

(RH) #*10-30-50-70-90 %DEHT, NaEYEYOFT A hEBEMA AV %2CalcK#BLAZEYEYD
T4 MDOHMEKREHLAE70Y VDEICHATHEAMIEZ, IRXRTOERBRTEEILIS C., EEIGAIX10
MPa, HABEEIE3 um/s& L7z,

(#ER]

NaEYEYBFTA bECaEVENOFA MEBIC, BEMBMT 2DICH > TEERBARD T 2HEA%
ARL7%=, RH1I0%TIENaEVEYOF A bH0.33, CaEBvENAOFA MH0.258DIC LT, RHI0 %TIE
NaEYEY O+ A b50.062, CaEvEYOFA MH0.037THo7, /o, ALBETIHEIC. CaEVEY
A+ h&WENaEVEYAOTA PDIFS B VEREREER L,

(ER]

CaEvEVUAOFA MNaEVEYOFA ML YEBVWERBEARIEMRIE. Behnsen and
Faulkner (2013) LE#HTH B, HHICENIE, KMIRILF—DNSWIEEBBOERIE EEHHE
BB, Ca¥ R BKMIRILF—DNEVNa"ZBEICEDONaEYEN OFA DIEDHBVERRE A
Y. BEDEBIICH > TERRENA T2 MEMIE. KNKEEZE S BETHE (Bird, 1984; Ikari et al.,
2007) LHAMMTH D, KIHED ERRBOBETE2HRAIZ2ERAN=LE LT, EFROEBICER %
K& B35 (Bird, 1984) &R FREIDEBICER %KD 25 (Moore and Lockner, 2007) A% 2., EETD
XRDDFERICENISEBIC K 2 EBEEHOE/LITEEDOEMICH L THRERKICEEZ TW3 (Morodome and
Kawamura, 2009) DIZxX LT, BEVHFHEOESKELSHZEVE)OTM M2ETOEKER., BED
BANICXE L CEMAICIEML TW3 (Xuetal, 2000) . 2% Y. HFEOEBEIEE DBV ERRIC
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L%, AARTELONAERRHEOEILEEDOEMICKH L TEHENISHED L TWEZ &5, BEDEMIC
HESEVEYUOFA NOBERREORENE. EICHFREOEBICERTZ2EDEMIRTE S, AFROERHL
5. KIREEEBREGA 4V ORENERBEICKZAFELZEZDZ MDD %, FIL. CaEvEVOFA
FEUENaEYE)OF A POERBENEVE WD ERNTRICKI L 2RREEIF TR (Behnsen and

Faulkner, 2013) . 8IBREDEVE) OF A MIBWTEELNAET & IE, T ERTOERRBELEZ S
+TEETH B,
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Effect of preferred orientation on the frictional strength of
montmorillonite gouge
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WIEEENPHIE Y OREICEWVWT, IRYEAIICHIIYMNEFLET 256’ HBI &N TNhETORELL
BOMIAR>TETWS, MEEMDZIE T nmMODEFDEA R/NEME T2 ERROERBEEEEFE, X
HBEAKREL, ZOLD G THYOKREIZKEDFENENT <. KEETTEBEYT 258 2/F D, M1y
DEMIZKIAD E. ZOEBRBUIERTZD,. EOLOIBBREBEOTCREL. BEEUENEDLDICE
LT BN E2HBIEDEETH D,

o, MEEMET AR MEOKREZRIRIKOBEEFOZ LMD, ZOITRYEICKT 2 EHMEIC
O THEEBFENEILT I ENFREINB[1], EAMERIMIEMOERFRGEICL > TERSD
2, MABEAMEICLDIEEBELZND I ENEZELD, KFRTR, EMOMIIEYO—DOTHSE
VEDOFA MIOVWT, EREZGETCEAMEICLYERBBENESET 20 %, 2EHERGEREIC LY
ST L 7=,

HEE LTEAMEORARZZEEOEVE) O MYIREEAE L, EAMEIIXROFICLYEEL
oo BEEREROFICEVE)OFTA MOEBRKDERKREEZMZ 72D, 8o (TG-DTA) #EfELL, Th
ZTHOEK %70, 100, 120CDF—TVHT—HREZIESE,. LREOVEEZAN, BRELT. EAMLE
DEVEKE T, 120COGEHEELUNTEBRKDORKNZFITFRT 20 EAMEOEVWEYE)OFA
MR TIZ. 120CTHERBKDERKIC—RU EDRFEADI MY, BEAKEZFRFLYTVWI EAbh >, T
niE. EAMEORVANDOEAHZZEBEN—DDEREEZ NS,

BNMOBEREREZA T, ThS5DEBE—A—T U TEEL., TCISEEFETOF v v NN—RICKE
L. ZHEERSAREEEL 2, BEERARICEVWTIEREN%ES MPah 540 MPax TEfESE. ZhEhoO
ISHTFTTHAMBAZRE L,

(1) EAMEOEVHBICOWT, LREDEWVICE ZEEBEDLEL  EERISH T CIIEROEEM
BWZE, BAMIGAMNED Lz, —ATEERISATTIZ100 E120CHDEREICKEET. TAMGAIC
ENFEAELD ST, 2D EIF. ZBEEOBEVWARNTIZIEBICH2MICKE EAHERBEMEVD, &F
RSN T TIXBREKDORKARIY, BEEEEMEXLLEMBIRTE S,

(2) EAMEDEWVCLZERBEDEL : EAMEOEVAROAMEVER LY EEAMBANKE
. FERBAKREEEREVWI ED DI 27, ThODERIK, EZRTICBW3EVEYOSM NREDRS
NOEEARZITWBAREMELHY . ARRCHMEZERT 5.
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Frictional characteristics of brucite (001) plane on the real contact
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T2
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WiBICZ K FET 2BRILMIE. BIBOITARYZXETELEZION., TOEEEEEZERTDIILREER
THd, —MRHREEY DO ERGKEN0.6-1.0TH % DICx L TERILY D ERGEEIL0.2-0.4 & B WNMEEFIFD
(Byerlee 1978; Behnsen and Faulkner 2012), Z D5 WERZREUIESHOHEFAIICEZL001)E % H AKE
ICEEMET 2 EICK>THREINTWS EE X 5N TV 3 (Moore and Lockner 2004), LA L7A&AY5(001)HE
MEEBBTHDEWVWIERERIISZONTWAL >/, I TKawaietal. (2015)lF. HEREFERD
(00 E CHEERAREZTV. HEZD00)ADERFZIFIFAERAABDOFIFETHY . BRIIDEW
BERFREICIE, dRXYVEEARZ001)EOERFENEETHED I ETB L, LHALARE(001)EmDERR
BNNSVON?2ICDVWTELEEBEINTWRL, BRI DERFREIIGiese (1978)ICK > TRESINFR
BMIC(001)EDERBD#EE T R ¥ —(Interlayer Bonding Energy, ILBE)ICHLHI T % & & X 5N T X 7= (Moore
and Lockner 2004)%", iEFDRBRPEMRETEICE NILEYICE B OILBE & BEERHREBUCLLAIRERIZIZE A EHE
I N o 7= (Behnsen and Faulkner 2012; Sakuma and Suehara 2015; Kawai et al. 2015), D 7= 4
MICEBDILBEICE LS., BRIMOERFH AT 2EBREOEENEITNTWVWS, AR T, ME
FOMEICSENTEY., D OBRMARFHOEFHEIN DR KEDOFHEEZTO DICEL TWBMgDKER{EY)
TH 3 EBREYbrucite D (001 EHDEDIEAE COERKFIE #IBRMICHEARND Z & 2H M7,

BEEEFICHS T2 001)EBEORT Y Vv ILIRLF—EA2E—REEFREEEICK > TR, Zhong and
Tomanek (1989)DFIEICHE> T, (001)EDEDZEMEICH T 2ERIFHZRANSD, EFMICIE. brucite®d
“EEEZ. TOHEICEET Z00)HICETLRAETRVEAL L. FADBEITRYEICH L TKEAA
RUOSEAMRICHMNEL S HIBEAFHE LBO AL DI EICL>T. IRYEAICS T 2EOEMAICS T HE
BiNHEBAKIGAERD, TS DEFRED S5Mohr-CoulombDiFIERME 2B W TEEREEE2RBREE -7,

FERMLEFERICENIZ(O001)EATD<010>HBEDT Y TIZRERERA=0.048, #EH=0.371GPat >
EREMESNT,

REOONELEICH T ZILBEDEFE AT >TH Y. brucited(00T)EDERD TN AMICH iF 2 ERKFHE
RO, BEREFMOARKEEHAZZRT 5. FLEAFES(2016)%AE 5(2016)TKD 5T WS LD EIREL
#(lizardite, talc, pyrophyllite, muscovite) & DB £ 1TV, SEYEI DB DRI TOEESHEDEWIDOWT
ERAEITO,

F—7— R : BRI, (001)E. ERRFE. BRESIXILF—. B—REESTFREHE

Keywords: Sheet-structure minerals, (001) plane, Frictional characteristics, Interlayer bonding energy, The
first principles calculation of electronic structure
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Evolution of the deformation band in the numerical sandbox
experiment with 2.4 billion DEM particles

EmHBAL BE RN 2F B EsE

*Mikito Furuichi', Daisuke Nishiura', Osamu Kuwano', Takane Hori'
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1. Japan Agency for Marine-Earth Science and Technology

We modeled a deformation mechanism of an accretionary prism using the numerical simulation of the
sandbox experiment. We solved the motion of 2.4 billion solid particles with Discrete Element Method
(DEM) on massively parallel supercomputer system. This huge number of particles enabled us to use the
realistic parameters of the sand. Thus, we could successfully reproduce the prism evolution which was
consistent with the lab sandbox experiment. One of the advantages of numerical simulation over the
analog experiment is the ability to analyze the detailed deformation processes of the granular layer in 3D.
We analyzed the mechanical state of particles inside the deformation band to reveal the relations
between the growth mode and the wavelength of the deformation. From the results, we discuss the
characteristic length to change the deformation mode between the discrete and continuous behaviors.

F—7— K Ak, #WFEERER. DEM
Keywords: accretionary prism, sandbox, DEM
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BTEIREI T IC S T DM AR EER T —) v 7
Scaling of convective velocity in intermittently vibrated granular
packing

) B, NV T4 vAay S a® kAR ENR
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1. ZHEBRE, 2. HBERRFERMAZRAZE
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HEDOERNRBRCTHEICIREIZNZA 2 SRFOITEAIEL S, ZOMBEREMENBRRIE, NXE
AMATDEIRLIY A TEONAERARAICEWTEHEZ2TEMENH B(1,2]. Z0LEHBETIE, K&
RENDHEAZEZEREL, EHKEEZHNE LAMEAOETERE & IREEEDOEFRKX[BIFRESINTWS. LH
L, ZORBRNIEMEBICEENRIRE Z 5 A ZBRICKOONIZEDTHY, MABIERILIRE & RENREE
BYRY, REORERED KL D BMiGIREI T COMNMREEICEAT 2 EENRERIEIINEITHDICRINT
IR o7k. I T, AMRTIEIHERBICHGNARIRE (YvEVD) 2INAZEREITV, TOERORFOD
BEIAMITT 22 EICKY), GIREI T OMERRRE & IREITRE & DBHKR AR,

EERTIE, KN2EEORES (EEPZENFNISmm &10mm) OEBRMBEHEERIAIFEL, Th
HEENABICEI LAERBERNICRTHICKELZ. 0%, BRAMREEZBVTERSRICHLT
MEAADY Y EVS (—EROEZKFIRE) #2MWERI &I1IC1,000EMMA 7. MA ZRSOE S EHAIRS
MEEEEAMBEDLERS I (FT=ACxzfP/g; A: IREIRIE, f: KRB, g: ENMEE) 2AVT
F=25,510 20, FDFNEFNDIBAIC f=50, 100, 200 Hz & Z#HERICTIL S HEERAE T 1=

RITTIE, BIREBEONFEEDELERAF—IAXTICE>TEREL, NFEFEEAVWTERNFOEE
ZEHHLE. 512, BHUTORELNSHFOEMEFHICHT RAEZEHT I EICLY, MRRETICS
FBXHEREEEMICTEMLZ. 2L T, SHBERKICE TR FOIEE v 2 EH SR FEIED R
HE (gd) P TERTIELEREV &, IREBEFHDIRILF—NSVRERTERT/NS A —4—5 = (27 Af)
2/gd EDRICHBITBRT—) v IBRERD L.

ZFORER, MFEIREITICBWTE, AEHISDIRENIC L > THEBROKIFMEET BIBEICIE, RFICEK
3k CB) EBEFLIEHRINTSY, ZOBDOVESORIDRY—) v FBEEIRv: - PP TRENBZ Z EAH
Motz (Figl) . COREREIMHEIRE TICEVTEITRENFIES? g5 RmLTEY, EE
RETICBTE2RBEEDRT—Y VIBEREBIEEENTHS. LN >T, MEABICINA ZIRENDETMED
MERFORTHENICE R B2HEII/NSWVWEEZILNS.

[1] H. Miyamoto et al., Science 316, 1011 (2007).
[2] T. M. Yamada et al., Icarus 272, 165 (2016).
[3] T. M. Yamada and H. Katsuragi, Planet. Space Sci. 100, 79 (2014).

F—T7— R AR, R74—) v g, LOYR
Keywords: granular convection, scaling, regolith
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BRKZFEIBEBEITANYRORARET &EBEREARICET 2 RINEE RIS
Kinetics study on stress drop and recurrence interval during stick-slip
with dehydration

Sk geR’, KiEE'. REME' E2AKBA?

*Masaaki Iwasaki', Jun Muto", Hiroyuki Nagahama1, Yuto Sasaki?

1. R REXREZREZHARZER, 2. REAEMEMRFRA (KEREBZRHARRD
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School of Science)

RAKRIGEMES BADEHERNS, MEOHELELCELEKNERDONENEEICHELEZ DI L
Dhbh>TERE, IS, BEBRERPREBBEREICK > THEREHOLEMIITILTEEEIONTVWS. A
ZHHEDOEEI SFRLEETRYPOTAHADBELICKIFLTWBRHEICERE Y TEMELIZELTONT
W3 (=& ZIE, Proctor and Hirth, 2015) . —A T, RBRAPDEKKRISICE > TEL 2KOEFEES, HERE
EENETZEDRCEEDERBELLLER L T/ W, ERLAESE#L L. 2078, BETIEERKAHE
T5, HHIWIIEKRREEEGEL/-RREITO & T, NZHEFHEZAETIFENELNTWS (&EX
I¥, Leclereetal,2016) . COFEERAVEETHRTIE, EHLEOITRYARY MIbE>TAELTW
2HEDIEHL, MAKRBEBRAREZZEVCDITIMEIITOATETWARVL. i, RKREE DZHEEH
5T, BELICEITEZRIGEERNICERLZHEE DR, Sawaietal. (2013) TlIteHiE DARK
RIGOBRICRBRERVET I EZERAL, RBRPORKREEERLTVWS. LHL, ARICERLGOTNY
ARY NIbHz>TEALEMRIEIARL, BRAHICOVWTRIGEERMNICER L -MARITITHONTETULA
W, LAL, RAKRBIHEVTWEHRTERLOOIRY ARy MELCZALIE, ZOBEXRAEE RIGEER
MICER T2 2 &AL EEZIOND.

AR TIHEL2AREFH, (2016) TITONA=ZHEBRREO T — 9 = AVWTRITEIT >/, TOXRRT
i, LAY MELABER MY THRAZEGSADVABICDOWT, HE107200 MPa, =B 180CTTH
AERBREICE ZERERETo/2. TDHER, 200 MPa, 70C T, HEZBEY, BEIRYERL, H%
BBEEIZEMLADICN L, RAKREMEEEZS5N5200 MPa, 1T0CUETIZEZETARY OEFHIRZ, T
b lL, RRNICEENLSLZE0E R,

BonfkT—9hoRRVEICH I Z2BEABS L VBNETEDEEETo7-. TOER, RKREEZTR
IRVWERTIE, BRASHSLIUVBIBRTEEHEORBICIRHLLAOBERAR SN, —A T, RARGEZT
L7=EERRTIK, —EHETICEHEEHLLY, BRARESIUVBABRTEE I, BEE EHISHEVHIRDH SN
=8, BHEENBRVLLTWDEEEZIONS., COZEHLDS, BMEDFRANEZRWT, BEREEOERBOH
ExITo7/=. BIZ, TNERISEERNICERT 570, BEILE=YEILEMICERT ZEICHAVLONS
AvramiDR T, ERERFREZICH T 2BEREEDOELICH LTI 1 v T4 v I %To7-. TOER, RBERR
FEEDEEIAvramiDREAWVWTRRTEEZZ &N 7. ERZUEMICHEANR ERKRDEERN LT T
O—F%932&T, MARISTELZNZHMEDEVREEZTHATEIENTEZEEIONS.
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TIVDBEBRERRICE TBT7 AR T 1 #ih & EEEHRE R

Asperity contact and constitutive relations in gel friction

QL0 EE
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T AR F 1 #FfhE, B, EKICRA) Yy TORBYRATA v 7Ry TEFHICEERRXBNERETEEL
S5NTW3S., LMLADLNS, PARYF 4 2EHHT I EICE > TERNRIRZEVWPERERIANDHES
HBMRIFIFEICHRN. ZZTESEE, PHOOLMIWTILREAICMBECTHREZBHICHELOOBET S &
IC&>T, T/7O0REMRKEBEYI/ORITRYZEEEDEAREZFARIMARZT oL, §5&, FTARYT1D
HEREREKRELLTRICONT, EBEHRANEERIENOREBICER T ERHLAE. £z, +9
BREAZEDHARCEAL T, AR 74 ¥ROEM, WEORD, TRUREDLEREEEIC, TRYD
HFENKELLARY, ARV MEGEBNBL TR ENDh o7, Tz, KAROHERE S &0, EHERREK
FERAZHNET 2 I EICKL 2EREHOFRALHE TEHAE

F—T— RN :EBERBR. RT14v IRV YT oK UFRY, FIARY 74, BERNRR
Keywords: frictional constitutive relation, stick-slip, slow slip, asperity, laboratory experiment
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HERIL EBICS T B KERL 02 —DEEE
Rheological variety of mixtures of water and ash collected at Ontake
and Sakurajima volcanoes
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1. National Research Institute for Earth Science and Disaster Resilience, 2. The National Institute of Advanced
Industrial Science and Technology

Most volcanoes are covered with volcanic ash fallen after various types of ash-dominated eruptions. Once
the ash combines with water, it is likely to run down slopes. The flow is referred to as lahar, which is widely
observed all over the world. Lahar is one of the volcanic phenomena that cause severe damage to
surrounding environment, since the speed is generally far faster than that of lava and the onset time is
hard to predict [E. Bélizal et al., 2013; S. Jenkins et al., 2015]. Sometimes it occurs just after an eruption
[Nakayama and Kuroda, 2003] whereas a large debris flow, which broke out about 30 years after the latest
eruption due to heavy rainfall, was reported [Ogiso and Yomogida, 2015]. Moreover, lahar-flow is
occasionally accompanied by seismic signals [Walsh et al., 2016; Ogiso and Yomogida, 2015], so that
understanding flow characteristics of lahar is important to investigate the relation between lahar-flow and
seismicity leading to early detection of the onset in addition to the purpose of simulating the flow.

Based on the background, we have performed rheological measurements of mixtures of volcanic ash and
water, which are major compositions of lahar. The volcanic ash used in this study was collected at
Sakurajima and Ontake volcanoes in Japan. The reason why the two volcanoes are focused is that lahar
had flowed there after recent eruptions although the two types of volcanic ash are apparently different. In
order to reveal key features in rheology and to compare rheological characteristics, the viscosity was
measured changing the particle concentration and the shear rate. An important point of our findings is
that the two types of mixtures show non-linear characteristics differently. For instance, Sakurajima
samples show strong shear-thinning regardless of the particle concentration whereas the viscosity
fluctuates in a longer time scale than rotational period of rheometer within a certain definite range of
shear rate in the case of Ontake samples. Interestingly, the range of shear rate corresponds to that at
which the relation between the viscosity and the shear rate shows positive slope or shear-thickening
deviating from shear-thinning. Since these non-linear characteristics are considered to be induced by
variations in particles such as size and shape [C. Chang and R. Powell, 1994; D. Genovese, 2012; S.
Mueller et al., 2014], we mainly discuss the rheological changes of mixtures of volcanic ash and water
with consideration for the particle size distribution.
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Rheological properties of Izu Oshima lava
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Apparent viscosities were estimated for 1950-1951 and 1986 lava flows effused from summit crater,
based on the observed lava flow thickness, lava surface velocity and slope angle (Murauchi, 1950;
Minakami, 1951; Shirao, 1986). They ranged 1.7x10* Pas (1063 °C) - 3.3x10%Pa's (1048 °C) in 1950,
5.6x10° Pas (1125 °C) - 2.3x10* Pas (1038 °C) in 1951 and 1.7x10* Pas - 1.2x10” Pa s for LA lava in
1986 (no temperature data). These values are curious in that the viscosity of 1950 lava changed over two
orders within 15 °C, and 1950 lava at 1048 °C had over two orders higher viscosity than 1951 lava at
1938 °C. Minakami (1951) also pointed out that the apparent viscosities from observation were several
tens times higher than the measured viscosity in laboratory. Systematic study has not been done for Izu
Oshima lava rheology thus far. In the present study the viscosity of natural rock samples from Izu Oshima
lava, mainly 1986 LC lava, was measured by uniaxial compression viscometry with temperature and stress
range between 1000 °C and 1100 °C and 0.057 MPa and 10 MPa, respectively, at Earthquake Research
Institute, University of Tokyo. Cylindrical cores with 15 mm diameter and 30 mm high were used for
viscosity measurements. Viscosity was derived from deformation rate and sample dimension using

Gent’ s equation (Gent, 1960).

Contrary to the expectation before the experiment that the viscosity decreases continuously with
increasing temperature, Izu Oshima lava becomes deformable drastically at around 1100 °C. Below this
temperature viscosity changes continuously with temperature, although there are over one order scatters
among used cores at the same temperature. Their minimum values are 2.1 x10'? Pasat 1059 °C and 1.7x
10" Pa's at 1082 °C. These values are almost at solid state and much higher than the observed viscosity.
At the temperature that the sample becomes deformable, the main factor of the deformation was not
viscous flow but brittle failure. Once the sample started to deform under constant stress, deformation rate
increased with time. Or when the constant compression rate was applied, stress decreased drastically
with time, which is in contrast with viscous flow that stress goes constant by balancing with applied strain
rate. The drastic deformation tended to occur at lower temperature when the applied stress or strain rate
was high. The samples after the drastic deformation had vertical cracks on its surface, and in case the
compression stroke was large (a few mm) the middle of the cylindrical core was crushed and their surface
skin pushed out brittly. Bistered surface gave us doubt that the oxidized strong surface layer sustained the
applied stress before the drastic deformation, but the experimental result under reductive atmospheric
condition (CO,+5%H,) was similar with those done under atmospheric air, indicating the influence of
oxidation is minor on the rheological behavior of the used sample.

The present study indicates the Izu Oshima lava was almost at solid state below 1100 °C, and above this
temperature the main factor of the deformation was not viscous flow but brittle failure. These imply the
displacement of Izu Oshima lava was not by Newtonian flow, and these rheological properties may be the
source of the above mentioned curious observed viscosity.
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Deformation experiments of foam during solidification -exploring the
history of tube pumice-

AIE ER. R ER. KA SHES £2F 6 B4 85F
*Masatoshi Ohashi', Mie Ichihara’, Shiori Takeda?, Osamu Kuwano?®, Atsushi Toramaru®

1. REKREMEHRRAN. 2. RREIRFZFIZMNEMS 27 LATEFEN, 3. BFHREREE. 4. LINKEXRFREEHR
RrEith sk 2% 2 f S ER Y

1. Earthquake Research Institute, the University of Tokyo, 2. Department of Mechanical Systems Engineering, Tokyo
University of Agriculture and Technology, 3. Japan Agency for Marine-Earth Science and Technology, 4. Department
of Earth and Planetary Sciences, Faculty of Sciences, Kyushu University

AT SR %D BEHARE N TIX, tube pumicel N ZEBEEMHEZ < RDOHS. tube pumice & &
BARAO—ETHY, —ARICHRLAZEISERING., ZO&dREBEMNASEEEICIE, ALTIEX
DIAFTIVRAETIRHEDEZINTWBIAREMELNDHY, ZOFREBORBPIIEETHS.

EITHRTIE, [EEMERET ZRBOIA LRAT—ILE, RERADICEZBHREBENDOI A LAT—ILD
& &K $ Capillary$t (Ca=Rn, e’ /T) ZFAWVT, tube pumiceDMMEENHRL SN TEL. REIKE
B, nJEREOMMERE, ¢’ BEAXEE, [EIRERATHZ. ERRETE, CadXREWE (B15, RE
DIALRAT—ILDRBEBIDY 4 A5 —IILL Y HEVE) , [UEHNEIEMIESN 2 (Rust and Manga,
2002) . LHL, Cantt AMERHROKBHREZRFHEL T2 L Z2BEA DL, BAIRESINIZKERIK
RSB DIE, ZOERTHALITTIERL. FAMERDZTRENMBUTS, RACLZENHIEY E
SNRICKRERNDICLZHRENEZITEE, REIFPEESATNE, KIBIEFEICES. HRENICES
EHER, BIEDI A ART—IVERERDICK ZHRBHNDS A LRT—ILDHRETREIND EEZ, Kt
KT, #FciCPumice (Pu=Rn, /I) ZRIESZ. 7, FREOKHEEDEMETHS. PubtAE L
B (BB, BIEEENSEWVE) , [VEBEAZOEEFBRAICKT EFEINS.

PubREINZTEMROBBREANS D, KHRIE, BEBRICEITEZ2RYILY Y I+ —LOEHE
BRETo72. ZOMBHIMEERIGICE > THREL, BEZBICLAN > TELT 288 EEFD. £3, REDO
EADLAA—9%FRAL, #HEROZTLEEHALEZ (KB, XLU%FER, 2016) . RIS, —EDMEERIC
ELEBIC, REEOTAMERAINA, HEI . BLEEOABEXRCTRF v VICh T, BIRERT S
2&T, ARICEFNZ2R[BOY M1 APHVCEREDBEREB/DIIENTES. KELHERNOBECBTK
EREFHEMALERRTIE, NEARTJEE THUtube pumice RDEEEBF S Z EHEL., LHL, BEE
DN E, COKBEENSHIRT —95B2IENTERN >, DD, BRICSEZA2EAA/NE
<L, BBV TRERSEBENTY A X9 VCEREZEHI L. BIRERTOER, FTHAEY, CaZld TIIME
ILBROTERRERBATERD 272, —F, PUBNKEL A BITE, [EDEHEN NS RBERILRED
Mo7z. ZOMERAIE, PumiceBIDEENS FRINZERAEITHTHS.

ERFEROEENLERET 2720, RITHROKJVEERET IV ENRL, BHERNLMMEREFERT
HEMATBERE%1To7. CacVRVREEZEEL, EF— B tROSKEREMEDPUREME AN,
¥, FRBEYPUDKEWEEICIE, EAMEREOMRBEMENRED L. T, EEBRETE, Pubbkz
KR2FE, [VEPTDICHVESRLRZ I EN DD >k, BRTI, UED2DODIRZE W& EMICEREA
¥ 5.

tube pumiceD & 5 R KEBENE D ICIE, FAMEKR TR COKVBBEEZRITMVENHDDT, Z0D
B COPumiceIARKZEWVWRELNH D, IHIZ, TAMERKTEICKENHRLTWSHICIK, ZDER]
ICBEWT, +9ICKEZ W CapillaryBIlD T, KREREFEHDEA ONRIFNIER SR,

F—TJ—R:Fa-TNRIR [EEW. LAOY—
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Numerical modeling of fracture of porous Maxwell fluid by phase-field
method
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A I DMERRISBENEXDA X A2EIRBETHD. RADEXICE T ZRHEREAOREL Y IC
£BE, FOMWRIE THRMEMNIEE] (Kamedaetal. JVGR2013) D#RE &2 EEZ NS, Th4bLL, B
HREFRTH BN, v/l A0 —MEIERENE AREZREAT—ILTELTWS. i, &

T, HaNMToERAERNS, MEMERNERE, SUELTOEBMLE—KREEZERERE TIZTHOERIC
Lo TBIERIEIND EEZ 5N 3 (Kameda et al. in preparation).

BADRREBES I 2L —>avELTETMMET 2HIC, TITR, 7z—X714—ILRE
(Spatschek et al. Phil. Mag. 2011) ZFAWT, #WEMANDOEZHEZERAKE LTRETDIIEEZRET
3. 71—XT74 =)L NETIE, —RICKEZEH (LUTFPFEH) cFENZ /A5 X—92RWT, EfAERIC
FETZYI/TERE (HDWEER) 29892, AMRTIE, PFERORERREIZ, RATNLEED T H
IXILF, REIXRILY, LU, BESAELLERMGMERD SEHE LD Allen-CahnFERIC & Wk
3. ZDFE, EHOERIE, BUEOTAIRILFICLYEREINS. FHEVIa2L—2arvDTIy k
T 4—L& LTIEICOMSOLE AW, PFE#OEBRRERNIZ, B4DFTHHEADOETERIL
L, COMSOLDPDEY JL/A—%RAWTERW:. 57/ 0 T H50ORERREIL, COMSOLICEREINTWS AR
BERE (FEM) VILNR—ZAVWTR W, /30 A0V—IF, BTy 7270 o)L EEREL .

HEETIELT, HIDLH%A, [REEEVHKFEOT I A T ILViG#EtEAEEZ . SAEAROEBRD
o, KEEDSHD1DHEETEMEFE L. 1HADOKERKEZKOFDICEE, ZODEEICL, £H5—D2IK
BEEBWL. NEOERESE LT, 3D20WHTE,SFEHDIFGS (Case 1), BLY, WMIFEOD—2DITEAD T
=358 (Case 2)D 2 D% F A M L7z, MROMMHEEIX, FxDITo>-BEDEREER (Kameda et al. 2013)%
HEICRELRE. BROAMAICIK, SBEE LT, AWM, »D, BEEEHICHI—TEEICEETIEAEEASZ
7=.

SHEAEORBRERRAZM2ICRY. ZORIS, SVEBOEEIX, ZHOERICKEAFELSLIFTIEN
aHB. ERBIZA4DDOBREICHITONS: £, AKQBLERT 2NTBOREEIBHIR>TL B, DT, 7
DEHRDPARKIBICEET 3. KT T, MNaEEROETEEL/zCase 20AICRONZBRE LT, MaE%E
SHARTEICEAD) > TEARDEHIVBRICEN S, ZEIC, FTEROZSHI|ABERICEIT TEA, W
ZHNFEOT 3.

HAMPHUIB I 2 ZHOERAZZRIZIERERE LT, [ERATOHREERICKZ2RAEFNEZI SN
3. B—RUBICRT 2ERBRZERICLS S, UEAYDERHIE, FRFRTHREELAEKIEHONSDERT
EEBED 3 FICK LB L THA 9 % (Zhang Nature 1999). O KENFET %3568, RANARERAIEBES
DEVHETEDICMA T, BESSEMEVHITEOIMIMNEI NS, IhiF, AKEEED/NTBREICEISSH
DERKNEHNRETZIEEEKTS. H2ICRT EHERBRIEZDBEAANBRBANEFTRGHETE 3.

AREENS, REARKICH T2 RERBRENR, JVERBEOFEZRZITDI &N >, J[BEREDF
BAERICANLFET I YOBHREREEEZ Z2RENH DD E LA,
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Chemically induced formation of pull-apart structure of Cr-spinel
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Cr-spinel is known as the most rigid mineral among constituents of mantle peridotite. However, it is often
seen that it forms pull-apart structures in deformed peridotite as a result of brittle fracturing.
Understanding of mechanical conditions for fracturing of Cr-spinel could give a clue for stress estimation.
Therefore, comprehensive study on the cause of fractures in Cr-spinel is important. In this study, we
performed petrological and microstructural analyses of Cr-spinel and host deformed dunite in
Higashi-akaishi ultramafic body in Sanbagawa metamorphic belt. The occurrence can be related to
physical and chemical conditions in subduction zones.

Characteristic microstructures of Cr-spinel are developed as a function of an increasing amount of
antigorite in the host dunite in the following order: chemical modification from rim to core, pull-apart
structures, polycrystalline textures and, finally, disseminated clusters of micro-grains. The microstructural
evolution of Cr-spinel implies that there are some chemical effects on the fracturing. The chemical
modification of Cr-spinel shows a systematic trend characterized by an increase of Cr# (atomic ratio of Cr
/ (Al + Cr)) and a subsequent increase of Fe towards end member of magnetite. Extents of chemical
modification along cracks are lower than those along rims, indicating that tensile cracks are formed after
commencement of chemical modification along rims. The critical mineral chemistry for fractures is
defined as Al / (Cr + Al + Fe*") < 0.15. EBSD analyses revealed that sub-grains are dominantly formed in
the altered rims and also that tensile cracks are propagated from sub-grain boundaries. Recrystallized
micro-grains contain minor sub-grain boundaries and show random orientations, suggesting that they are
neoblasts formed by nucleation and growth. The formation of neoblasts is concomitant with Fe-rich parts
of Cr-spinel.

The above observations indicate that dislocation-controlled recrystallization depends on chemical
compositions of Cr-spinel. Climb velocity of dislocation depends on a self-diffusion coefficient of the
slowest diffusing species and self-diffusion coefficient of the slowest Cr in Cr-spinel increases with
increasing Cr#. Therefore, it is interpreted that the chemical modification characterized by the increase of
Cr# enhanced dislocation motions resulting in the localized sub-grain formation to the chemically
modified domains.

We estimated fracture stress (i.e. fracture toughness) of Cr-spinel using a fracture model for a cylinder
with a peripheral crack, assuming the widths of chemically modified domains as the potential depths of
sub-grain boundaries that act as preexisting cracks. Strength of Cr-spinel is variable depending on mineral
chemistry and width of crack and the estimated values for two samples are 84 and 243 MPa. On the other
hand, differential stress estimated from dislocation density of olivine is lower than these values. The
discrepancy can be explained by concentration of stress due to difference of elastic coefficients of
Cr-spinel and surrounding olivine. To support this idea, the maximum intragranular tensile stress in
Cr-spinel based on fiber-loading theory is higher than the fracture stress from a cylinder model.
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The microstructural analyses reveal that compositional change of Cr-spinel under hydration reactions
enhances its plastic deformation to develop weak planar defects such as sub-grain boundaries and grain
boundaries. Fracturing of Cr-spinel can be explained by the chemically induced defects and stress
concentration due to the high elastic constant of spinel. It does not require an extremely large stress
although the critical strength is variable depending on the Cr# of spinel.
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In situ deformation experiments of coesite
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Mechanical properties of ice-silica mixtures: Fracture toughness and
elastic moduli
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Ductile-to-brittle (D/B) transition is a key rheological property to determine the tectonic style (flow
features and fracture patterns) on the surfaces of icy bodies in the solar system such as Earth, Mars and
icy satellites and it has been studied by numerical models, laboratory experiments, and field observations.
The theoretical model of D/B transition indicates that the transitional strain rate is controlled by some
factors; for example, a power law relationship between stress and strain rate in a ductile behavior, d & /dt
=B o" (d € /dtis the strain rate and ois the stress), fracture toughness, and coefficient of friction
[Schulson, 1990; Renshaw and Schulson, 2001]. Particularly, fracture toughness is one of the most
important factor to determine the critical strain rate corresponding to the D/B transition. The fracture
toughness of water ice has been studied by laboratory experiments and depends on temperature,
porosity, ice grain size, etc. For example, the K_ of non-porous fresh water ice is about 100 kPa m'/? at
-10° C [e.g., Nixon and Schulson, 1987]. The tectonic features found on Mars and icy satellites has a rocky
component with various contents in water ice. Thus, the fracture toughness of ice-rock mixtures is
important to determine the tectonic style on icy bodies but it remains unclear. In this study, we measured
the fracture toughness of ice-rock mixtures and examined the effect of rock content on fracture
toughness. Furthermore, we also measured elastic moduli, Young's modulus and Poisson's ratio, which are
closely related to fracture toughness.

The samples were prepared by mixing ice seeds with a diameter smaller than 850 wm, amorphous silica
beads with a diameter of 0.25 wm, and distilled water at 0° C to fill spaces among the ice seeds and/or
silica beads. The samples which had a cylindrical shape with a diameter of 30 mm and a height of 60 mm
were frozen in a cold room at -10° C for more than one day. The specimens for the measurements of
fracture toughness were shaped by cutting original cylindrical sample to a rectangular parallelepiped
shape and the notch was made by cutting at the center of basal surface. We made samples with silica
volume fraction, f, of 0, 0.06, 0.12, 0.18 and 0.34. Fracture toughness was measured using the method of
three-point bending in a cold room at -10° C at Ice Research Laboratory, Dartmouth College. The elastic
moduli were determined by measuring the ultrasonic velocity of both longitudinal and shear waves. After
the measurements, the microstructure of recovered specimens were observed using a cryo-SEM.

The fracture toughness, K, for pure ice was 99.8 £18.5 kPa m'’2, close to those of fresh-water ice
obtained in previous studies at -10° C [e.g., Nixon & Schulson, 1987]. The values of K. for each ice-silica
mixture varied more than that of pure ice yet the fracture toughness increased with increasing silica
volume fraction and scaled as the square root of silica volume fraction; i.e., K o f2, Young's modulus, Y,
increased linearly with increasing silica volume fraction over the range of silica volume fraction explored
in this study. On the other hand, Poisson's ratio, v, of pure ice and ice-silica mixtures were almost the
same, irrespective of silica volume fraction. The average value was 0.33, consistent with that of
polycrystalline granular ice at -5° C [Schulson and Duval, 2009]. Fracture toughness is related to Young's
modulus and Poisson's ratio as K|C=A/GC(Y/1 - 1/2), where G_is the critical value of the crack-extension
force. In our experiments, we found that the increase in fracture toughness with silica volume fraction
primarily resulted from the linear increase in Young's modulus with silica volume fraction given assuming
the crack-extension force G, was independent of silica volume fraction over the range of silica volume
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fraction explored in this study.
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Experimental study on the flow law of water ice with porosity higher
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Small to middle-sized icy satellites in the solar system (diameter < several hundreds of km) are mainly
composed of water ice and rocky debris and they have porosity over a wide range. On these satellites,
various landforms caused by tectonic activities are found; for example, impact craters on icy satellites has
a shallow depth, compared with those on rocky bodies such as the Moon. The shallow depth is expected
to be caused by the difference of viscosity and deformation strength, that is the strength of water ice is
smaller than that of rock. Thus, to understand the tectonic activities on small to middle-sized ice satellites,
it is necessary to understand the deformation strength of ice-rock mixtures over a wide range of porosity.
Flow law is one of the most important rheological properties to understand the formation processes of
flow features found on icy bodies. Furthermore. a deformation strength is characterized by a flow law.
Yasui and Arakawa (2010) examined the flow law of ice-silica mixtures with silica mass content of 0-50
wt.% and porosity of 0-20% and they reconstructed the flow law by introducing the factors of silica mass
content and porosity. In this study, we focused on the effect of porosity over a range of porosity higher
than that explored by Yasui and Arakawa (2010). We carried out creep tests of water ice with a porosity
higher than 50% and examined the effect of porosity on the flow law of water ice.

The samples were made of ice grains with an average diameter of 20 uwm: they were put in a stainless
mold of inside diameter 25 mm and then compressed by a piston to control the porosity of 50, 60, and
65%. We performed creep tests under constant stress from 6.6 to 59 kPa in a temperature-controlled box
or a cold room at Kobe University. The temperature was set to be -20 or -10° C.

In the case of water ice without porosity, the constant strain rate showing beyond a strain of 2% on the
creep curve (a relationship between strain and time) was applied to the flow law. However, in the case of
our porous water ice, the strain rate continued to decrease with increasing the time even beyond a strain
of 2%. This was caused by the compaction during creep test: for example, the porosity of our porous
water ice measured before and after the test was changed from “50 to “45% at the temperature of -10° C.
Therefore, we examined the strain rate in increments of a strain of 0.02 over a range of strain from 0.02 to
0.16 on the creep curve to examine the flow law. As a result, the slope of the fitting line on the
relationship between strain rate and stress increased with the increase of strain. In this study, we applied
the strain rate at a strain of 0.14 on the creep curve to the flow law to examine the effects of porosity and
temperature.

The flow law could be expressed as d € /dt=B ¢", where d £ /dtis strain rate, ois stress and B and n are
constants. At same temperature, the strain rate increased with the increase of porosity, that is, the
constant B exponentially increased with an increase in porosity: for example, the B of the porosity of 50%,
53x 10" 5'1(Pa)'”, was two orders of magnitude smaller than that of 65%, 1.4 x 10° s'1(Pa)'”. However,
the slope of the fitting line became almost constant, irrespective of porosity. This means that the stress
exponent n became almost constant, 0.9, and it was about 1/3 as small as that of water ice without
porosity (n”3). In the case of same porosity, the strain rate increased as the temperature became higher
while the stress exponent n became almost constant, irrespective of temperature. The B could be
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expressed by using the activation energy Q as B=B,exp(-Q/RT), where T is temperature, Ris gas constant
and B, is constant. The activation energy Q of our porous water ice was about 60 klJ/mol, irrespective of
porosity, and it was a little smaller than that of water ice without porosity, 80 kJ/mol (Barnes et al., 1971).

F—T7— R :RBAL KK ETREE 7)) —THER FEHEEIRLF— - RKEE

Keywords: flow law, water ice, porosity, creep tests, activation energy, small to middle-sized icy satellites
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To understand the processes involved in rheological weakening due to phase mixing, we conducted
torsion experiments on samples composed of iron-rich olivine + and orthopyroxene. Samples with volume
fractions of pyroxene of f;)x = 0.1, 0.3, and 0.4 were deformed in torsion at a temperature of 1200°C and a
confining pressure of 300 MPa using a gas-medium apparatus.

The value of the stress exponent, n, decreases with increasing strain, v, with the rate of decrease
depending on f;,x. In samples with larger amounts of pyroxene, f;)x = 0.3 and 0.4, n the stress exponent
decreases from n = 3.5 at lower strains of 1 <y <3 to n= 1.7 at higher strains of 24 <v¥ <25. In contrast,
for the samples with fpX = 0.1, the stress exponent decreases from n = 3.5 at lower strain decreases only to
only n= 3.0 at higher strains. In samples with larger f;}x, the value of p grain size exponent changes from p
=1 at lower strains to p = 3 at higher strains. Furthermore, Hansen et al. (2012) observed that n= 4.l and
p = 0.7 in samples without pyroxene (fpX = 0) regardless of strain. For samples with larger fpx, these values
of nand pindicate that the deformation mechanism changes with strain, whereas for samples with smaller
f,. o change in mechanism occurs.

The microstructures in our samples with larger amounts of pyroxene provide insight into the change in
deformation mechanism identified from the experimental results. First, elongated olivine and pyroxene
grains align sub-parallel to the shear direction with a strong crystallographic preferred orientation (CPO)
in samples deformed to lower strains for which n = 3.5. Second, mixtures of small, rounded grains of both
phases, with a nearly random CPO develop in samples deformed to higher strains that exhibited a smaller
stress exponent and strain weakening. The microstructural development forming well-mixed, fine-grained
olivine-pyroxene aggregates can be explained by the diffusivity difference between Si, Me (= Fe or Mg),
and O, such that transport of MeO is significantly faster than that of SiO,. These mechanical and
associated microstructural properties provide important constraints for understanding rheological
weakening and strain localization in upper mantle rocks.

F—7— R : EHL. BYESE
Keywords: rheological weakening, phase mixing
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The paleostress estimates for the ductile region of the Earth’ s crust largely depends on grain size
piezometers of quartz. However, it has long been debated whether extrapolation of experimentally
determined piezometric relationships to natural conditions is appropriate. Dynamic recrystallization
theories predict temperature-dependent relationships between stress and grain size of quartz, but no
systematic works have been made to apply the theories to naturally deformed rocks. We measured grain
size of quartz in the Sanbagawa metamorphic belt, using electron back-scattered diffraction (EBSD)
mapping, and applied a theory-based piezometric relationship. The samples were taken from the Asemi
River route, Shikoku Island, Japan. The metamorphic grades increase northward from the chlorite zone
through the garnet zone to the biotite zone and then decrease to the garnet zone. Sampling localities
cover all these four zones. Except for the sample taken from the lowest metamorphic grade part of the
chlorite zone, quartz shows undulatory extinction, subgrain boundaries, and crystallographic preferred
orientations. Small quartz grains occur at the rims of coarse grains and sparsely inside the coarse grains.
All the obtained grain size distributions were severely right skewed. The mean and the mode values were
not well defined in both linear and logarithmic frequency diagrams because these values vary with the
cutoff size. Instead, the grain sizes that occupy the largest area fractions were used for the ‘average’
grain size. The grain size of the largest area fraction ranged between 20 and “160 microns. Dynamic
recrystallization of quartz is likely concurrent with the peak metamorphism, because grain size increases
with increasing metamorphic grades. In addition, quartz fabrics show the top-to-west sense of shear in the
south, whereas they indicate mainly top-to-east in the north. Previous geothermometric studies using
Raman spectra of carbonaceous materials or the disappearance of pumpellyite yielded peak metamorphic
temperatures ranging from “330 to “570 °C. The obtained stresses increase with decreasing metamorphic
grades and reach 100 or "250 MPa at their maximum under the assumptions of intracrystalline or
marginal nucleation models, respectively. The stress estimates with the marginal nucleation model are
similar to or slightly lower than stress values calculated from a quartz flow law under assumptions of the
possible plate convergence rate, temperature profile, and ranges of the crustal thicknesses of the
subduction zone at the timing of the metamorphism.

F—7— R kHAAE. BH. BROER
Keywords: subduction zone, stress, quartz deformation

©2017. Japan Geoscience Union. All Right Reserved. - SCG74-P0O6 -



SCG74-P0O7 JpGU-AGU Joint Meeting 2017

U290 EB0RREEDEMERPOBRMEREEDE=5") T
Monitoring of elastic wave velocity on the cracked granite during shear
deformation
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(X COHIC] MBHEDNENARIZET O R EZERITZ20EDOFTRERE LT, IhE CHEEREREDZE(LIE
BIhTWwa, BEREEIEI Ty VOB EFABEICEIKET 270, ZBERARICBVWTEERNTOL
FIC&B7Ty I DEEPERRICHEL, BIESEREED ERIBERINTWS(Scholzet al. 1973), F7z, RAD
BB I B W T HLandersithE(1992)D & & THIBHDPR, SSEKEEMNMEML TWE AR EDWEL H S (Liet al.
1998), MEDHFLEHY A VI OHRCTHEIEREEDLTL) SKEFHICS T BN NRECEEICET 3BHREE
ZElE, MEODFHKBEROBAUNCEL,Z2EHREINDZEHNSE, BOTEELRREEEWVWA S, TITEHRHRE
TREMBADODD > IZRETICE T 2BEREEDELEABREL, IEATCINVRKIMELTWVWBRHAT
DEMEREEDREEE=I YV ITEHIEERHM T,

[RERFE] —HHERARE AV CERAREITR > TVWIRFDOBIEREEDE=Y Y vV &I/, E
BERAITGHERFHRLRY TTHELAASMEAE MFTWES, 10, 20 MPallFIfH L7z, $AEABEIMA
B)DMEKE—Y—EFTVRTLAERAWVWTSY, FTYATALICLYRAIEELL TRES N/-OEES %,
R=ILRYERVWTHEABDETEEEICE#RT I ETEHAT L, RADKHBE CIIREICHEENBENEL
RETDZIENEEIND O, RRHCBWEY Y TILIZESRTERS 2600C TARROMBNIE ATV, B8
HEMATZY Y TILVETOBEEIANY REBRETo7, BIEREREAE T, BEREICEERABRTY Y FILIC
BEEERFEIIY DT, AKE L TEERET MHzZONN—X MEEBAW, liBEmASHY Y 7L % @B
L7REA2ORO—T TR L, BEREREIIHNORS SEREFFLVESE L,

EREER| AN THIEEAETOY V2 BBT 2HIEFOREIFEEGDOEMICHEVERLE, IhiX
ARPORERADICETIZ2EARICENTZ 75y VOR#EIRRTHD EEZ SN, BIMER2RAT
% &, MMSRIEE SEIMTIG D DOEINICEVWRENICER Lz, CHIREICERARICETS 2EARD Y
Sy ONRETEIIELICLDEITHDEEZOND, £/, BMISHNEEREICEST 2, HERERED
ZligHoni o, BBEDOEFEISIRIBOZE(ILEAER LI 3, RIBIEFEEIGHL S CICTIRISA
DEMCEERWVEZ 2IERANA SN, BEEANERREIET S, EFEERAKRICIZFF—EDEET
Lo INHDZ EIE, MERET A VILOFRTRADEEIND A VI —H A 2y VREABICEWT, I8
HEIERATIHMEROEECIRIEOLILEZEI I ET, INYDEREBEZMDVEDDERERY IS
AHEMAERLTWS EEZ NS,

F—U— R EEREE. BEER /oy /280 tEE. thEDOFME
Keywords: elastic wave velocity, friction experiment, cracked granite, earthquake hazard assessment

©2017. Japan Geoscience Union. All Right Reserved. - SCG74-P0O7 -



SCG74-P08 JpGU-AGU Joint Meeting 2017

Fractal Size Reduction and Critical Slip Displacement during Fault Slip
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1. Introduction

To evaluate an occurrence of unstable slip, a systematic understanding of frictional instability is
necessary. Critical slip displacement has been used to evaluate frictional instability of faults. The critical
slip displacement is defined as the slip over which strength breaks down during fault slip or the slip
distance, at a constant velocity, through which a population of contacts is destroyed and replaced by an
uncorrelated set [Marone and Kilgore, 1994; Scholz, 2002]. Although previous studies have proposed
various relationships between critical slip displacement and other factors [e.g., Sammis and Biegel, 1989;
Marone and Cox, 1994], it is still open to debate that which factors dictate the critical slip displacement.
In this study, we aim to theoretically clarify a factor that determines the critical slip displacement.
Additionally, as fractured areas have a self-similar structure, we utilize fractal theory for understanding of
the critical slip displacement. Through this study, it is clarified that comminution characterized by the
fractal size reduction determines the critical slip displacement.

2. Fractal dimensions with comminution processes

A fractal dimension of surface roughness changes with comminution processes of materials: It takes on
the values 3.0, 2.5, and 2.0 from high-velocity impact experiments, conventional milling, and finer
grinding, respectively [Hukki, 1962; Rumpf, 1973; Nagahama, 1991, 1993; Muto et al., 2015]. Let us
consider the underlying cause of changing in the fractal dimension of surface roughness. When rocks
receive external force, a portion of work done externally is used for energy dissipation for fracturing. The
energy per unit mass for fracturing is in proportion to the exponential function of a characteristic linear
dimension with the fractal dimension of surface roughness as an exponent. Consequently, comminution
processes influence the fractal dimension of surface roughness as well as dissipative energy for fracturing.

3. Relationship between critical slip displacement and shear strain

Shear strain for crushing gouge is defined as a ratio of a function related to particle size to shear stress
[Draper, 1976]. The function can be approximately expressed as the maximum grain diameters after
shearing with the fractal dimension as an exponent. The critical slip displacement is approximately
proportional to the final maximum grain size [Dieterich, 1981]. Therefore, the relationship between the
critical slip displacement and shear strain can be described as a linear function on a log-log plot. The
slope of this function is related to the fractal dimension of the surface roughness. This relationship
obtained from theoretical analysis is consistent with previous experimental datasets [Marone and Kilgore,
1993]. Thus, the fractal dimension of the surface roughness controlled determines the critical slip
displacement.

4. Discussion —implication of dissipative energy

Fractal size reduction of materials also determined the surface roughness and particle size ranges.
Through the theoretical analysis, it is clear that large dissipative energy means small critical slip
displacement and/or high fractal dimension of surface roughness. The fractal dimension of the surface
roughness ranges from two for smooth surfaces to almost three for rough surfaces [Avnir et al., 1983;
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Nagahama, 1993]. Thus, small fractal dimension of surface roughness, or small dissipative energy,
indicates that gouge particles with various size ranges compose smooth surfaces with filled opening areas.

5. Summary

From this study, it is obvious that the critical slip displacement is originally determined by fractal size
reduction of materials. Difference in comminution processes produces the differences in dissipative
energy for fracturing, particle size ranges, the surface roughness, and the critical slip displacement.

F—I—RN:BRIRYEL, BRIRILF— BEBFLEHE. 735791
Keywords: critical slip displacement, dissipative energy, frictional instability , fractal
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Mode of tunnel deformations induced by loading in wet granular layer
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Stable burrows in wet sediments dug by tidal and shore animals play important roles not only in the
ecological behaviors of the animals, but also in material circulation in the substrate and the sediment
conditions. Thus, the burrow stability problem has been a challenging topic in the fields of sedimentology
and biology. Modern ocypodid crabs are known to dig deep burrows in a sandy beach (Seike and Nara,
Palaeogeog., Palaeoclimat., Palaeoecol, 252 (2007) 458). However, it has not been clarified that how
stable these burrow structures are against the external loading.

For the quantitative understanding of strength of a burrow in sandy beach, we modeled it by a tunnel
structure in wet granular layer, and focused on mechanical property of wet granular matter. According to
the previous works, its mechanical property shows complex behaver. For example, tensile strength of wet
granular column nonlinearly depends on liquid content (Scheel et al., Journal of Physics: Condensed
Matter, 20 (2008) 494236, Herminghaus, Wet Granular Matter: A Truly Complex Fluid, World Scientific
(2013)). However, little is known about the strength of a tunnel structure formed in wet granular layer.

In this study, we conducted a simple experiment to investigate the mechanical property of a tunnel
structure in wet granular layer. In the experiment, we observed how the tunnel structure was deformed by
slow uniaxial compression. During the compression, the projected cross section of the deformed tunnel
was filmed by a CMOS camera. The compression force was also measured by a testing machine. In this
experiment, we mainly varied following parameters: liquid content, packing fraction, initial diameter of the
tunnel, and grain size. By analyzing the acquired movies, we examined the temporal evolution of a
projected cross section of the tunnel structure. We found that the mode of tunnel deformations can be
classified into three types: continuous shrink, shrink with collapse, and subsidence by collapse. The
experimental result indicates that the mode of deformations is principally determined by the initial
diameter of a tunnel and grain size.

Furthermore, based on a simple model of the force balance for tunnels in soil (Knappett and Craig, Craigs
Soil Mechanics, Spon Press (2012)), we estimated the maximum shear stress applied to the tunnel
structure. In addition, we defined two types of strengths characterizing a tunnel structure: yield and
maximum stresses. As a result, we found that these strengths show qualitatively different dependences on
experimental parameters.

Finally, we briefly discussed the condition to maintain a tunnel structure in a sandy beach environment by
using the experimental result and information obtained in previous works (Seike, Marine Biology, 153,
(2007) 1199-1206, Sassa and Watabe, Report of the Port and Airport Research Institute, 45, 4,(2006)
61-107).
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Dependence of the Constitutive Parameters of RSF Law on Slip
Velocity and Temperature at Subseismic Slip Velocities
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temperature
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The effect of decompression-induced crystallization on viscosity of
basaltic magma: A case study of Fuji 1707 basaltic magma
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Viscoelasticity and Shear Deformation of Foam during Solidification
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