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論文要旨 
 
 
 乾燥破壊現象は，乾燥に伴う材料の不均一な体積収縮によって応力が発生し，亀裂が形

成される現象である．乾燥亀裂は網目状構造をもち，材料表面を特徴的な長さスケールを

もった多角形セルに分割する．乾燥亀裂のサイズ・形状・網目状構造は材料や条件によっ

て大きく異なるが，「階層的に形成される網目状の亀裂パターン構造が，特徴的な長さスケ

ールをもった多角形セルを自発的に形成する」という基本的性質は保たれている． 
従来研究では乾燥破壊現象における亀裂パターン形成の問題に対し，実験・理論・数値

解析による様々なアプローチが行われてきたが，物理的根拠のない現象論的モデルや複雑

な材料構成則の導入，恣意的なパラメータチューニングといった研究手法は，意図する結

果を作り出しているに過ぎず，この問題の本質的な解決策にはなり得ていない．  
本研究では，乾燥破壊現象を材料内の水分拡散，材料の変形，材料の破壊という 3 つの

ファンダメンタルな物理現象の連成によって成り立つマルチフィジックスの問題であると

考え，「乾燥亀裂パターンの特徴的な長さスケールは，複数の物理現象の連成によって決定

される」という仮説を提案する． 
この仮説を元に，乾燥破壊現象を拡散・変形・破壊の連成によってモデル化し，拡散に

関する初期値境界値問題と変形に関する境界値問題の連成による解析的な定式化を行う．

また，粒子離散化手法に基づく粒子離散化有限要素法（PDS-FEM）を導入し，離散的な定
式化を行うとともに，拡散の有限要素解析と変形/破壊の PDS-FEM解析を弱連成させた数
値解析を行うことで，特徴的な長さスケールをもつ亀裂パターンが，恣意的な長さスケー

ルの導入なしに均質な初期状態から創発される過程を再現する． 
また，炭酸カルシウムを用いた乾燥破壊実験を行い，実験と数値解析で得られた亀裂の

網目状構造，多角形セルのサイズ，亀裂パターンの形成過程に関して比較することで，提

案した仮説とそれに基づく連成モデルの妥当性の検証を行う． 
さらに，特徴的な長さスケールをもつ多角形セルが自発的に形成される物理的要因に関

して考察を行うため，拡散と変形の連成にのみ着目した数値解析を行い，応力の発現に対

し試験体の層厚と横断面サイズが与える影響を捉える．加えて，数値解析から得られるセ

ルの形成過程における水分分布を検証し，亀裂面からの蒸発によって各セルに発生するフ

ープ応力が亀裂経路の決定において重要な役割を果たしていることを示す．  
本論文の数値解析結果および考察により，「スケール不変性をもつ支配方程式の相互作用

によって均質な場から特徴的な長さスケールを決定できる」という，乾燥破壊現象におけ

る亀裂パターン形成の背後に共通の支配法則が示される． 



Thesis Abstract 

 

Mathematical Model and Numerical Analysis Method for 
Pattern Formation in Desiccation Cracking 

 

The inhomogeneous volume shrinkage of materials due to desiccation results in the 

formation of the desiccation cracks. The desiccation cracks have a net-like structure and 

tessellate the dry-out surface of the materials into polygonal cells with typical length 

scale. While some varieties can be observed in size, shape, and net-like structure of the 

cracks depending on the choice of materials and conditions, the basic features of the 

desiccation crack pattern (i.e., “the net-like structure of the crack pattern formed in a 

hierarchical manner” and “the self-organization of the polygonal cells with typical 

length scale”) are conserved. 

In the previous researches, the mechanism for the crack pattern formation has 

been investigated through experimental, theoretical and numerical approaches. These 

approaches can be regarded as the efforts to describe the complicated crack pattern by 

introducing the artificial complexity in the material constitutive law. Therefore, the 

achievement of these existing approaches is limited to the reproduction of the crack 

pattern similar to the experimental observation. The phenomenological model without 

physical basis and/or the intentional parameter tuning for the reproduction of the crack 

pattern cannot be the substantial solution for this phenomenon. 

In this research, the desiccation crack phenomenon is divided into three different 

physical processes: the water diffusion in the materials, the deformation of the 

materials, and the fracture. This consideration derives the assumption that the typical 

length scale of the desiccation crack pattern is determined from the coupling among 

multi-physics. 

Based on this assumption, the desiccation cracking is modeled as the coupling of 

diffusion, deformation, and fracture. The analytical formulation of this coupled model is 

proposed by introducing the initial boundary value problem for diffusion and the 

boundary value problem for deformation. Also, the discretized formulation is proposed 

by introducing PDS-FEM (Particle Discretization Scheme Finite Element Method). The 

numerical analysis is performed by weak coupling of FEM analysis for diffusion and 

PDS-FEM analysis for deformation and fracture. According to this numerical analysis, 

the crack pattern and its formation process are reproduced without introducing any 

artificial length scale. 



In addition, the drying test of calcium carbonate slurry is performed. The validity of 

the proposed model and numerical analysis method is verified through the comparison 

of the numerical analysis results and the experimental results in terms of the cell size, 

the net-like structure of the crack, and the crack pattern formation process.  

The supplemental numerical analysis under simplified problem setting with 

emphasis on the coupling between desiccation and deformation provides us with some 

insights on the physical causes for the dependence of the stress intensity on the size of 

the domain. Also, the water distribution in the pattern formation process gained from 

the numerical analysis indicates that the hoop stress on each cell resulting from the 

evaporation from the crack surfaces plays a significant role in the determination of the 

crack path. 

According to the numerical analysis and the supplemental analysis, it can be safely 

concluded that the coupling of the equations without length scale can determine the 

typical length scale with typical geometry emerging out of the completely homogeneous 

field. This is the major part of the physics behind the pattern formation in desiccation 

cracking. 
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ୈ1ষ ং

1.1 എܠ

ݱ͞ΕΔܗҰͳମੵऩॖʹΑͬͯԠྗ͕ൃੜ͠ɼُ྾͕ۉྉͷෆࡐ૩ʹ͏סɼݱ૩ഁյס

Ͱ͋Δɽס૩ُ྾ɼס૩ͨ͠໘࠭യɼׁׯͳͲ༷ʑͳॴࡐྉͰ༰қʹ͞؍Εɼଟ͘ͷ߹ɼ

ঢ়ߏΛُͭ྾ࡐ͕܈ྉද໘Λಛతͳ͞εέʔϧΛͬͨଟ֯ܗηϧʹׂ͢Δɽס૩ُ྾

ͷܗաఔʹ͓͍ͯɼ৽ͨͳُ྾͢Ͱʹଘ͢ࡏΔηϧΛׂ͢ΔΑ͏ʹॱൃ࣍ੜɾਐల͍͖ͯ͠ɼ༩

͑ΒΕ࣮ͨݧ݅ʹରԠͨ͠αΠζ·ͰηϧαΠζ͕খ͘͞ͳͬͨͱ͜ΖͰُ྾ʹΑΔηϧͷׂऴ

ྃ͢Δɽ͜ͷஈ֊త͔ͭ֊తͳηϧͷׂաఔʹΑΓɼُ྾ಉ࢜֨ࢠঢ়Ͱͳ͍͘ޓҧ͍ʹަࠩ͠

1)ɼଟ֯ܗηϧͷҰลෳͷηϧʹΑͬͯߏ͞ΕΔ͜ͱʹͳΔʢ֊తͳηϧͷׂաఔʹؔͯ͠

ɼBohn (2005a, 2005b)2,3)ʹৄࡉͳهड़͕͋Δʣɽס૩ഁյݱʹ͓͍ͯɼُ྾ͷαΠζɾܗঢ়ɾ

ঢ়ߏͷτϙϩδʔࡐྉ݅ʹΑͬͯେ͖͘ҟͳΔɽ͔͠͠ɼ͍ͣΕͷ߹ʹ͓͍ͯɼʮ֊త

ܗʹηϧΛࣗൃతܗ͕ɼಛతͳ͞εέʔϧΛͬͨଟ֯ߏ͞ΕΔঢ়ͷُ྾ύλʔϯܗʹ

͢Δʯͱ͍͏جຊతੑ࣭อͨΕ͍ͯΔɽ͜ͷ͜ͱɼס૩ഁյݱͷഎޙʹɼࡐྉͷߏଇʹґଘ

͠ͳ͍ڞ௨ͷࢧ๏ଇ͕ଘ͢ࡏΔ͜ͱΛ༧ͤ͞Δɽ

తৼΔܭ૩ُ྾ύλʔϯͱͦͷ౷ס݅ʹԠͨ͡ଟ༷ͳݧɼ࣮ڀݚͷظʹؔ͢Δॳݱ૩ഁյס

͍Λ໌Β͔ʹ͢ΔͨΊͷ࣮ݧత͕ڀݚओମͱͳ͍ͬͯͨɽKindle (1917)4)ͷ࣮ݧΛॳΊͱͨ͠ଟ͘ͷ࣮

Ռ݁ݧ 5–10) ɼס૩ُ྾ʹΑͬͯܗ͞ΕΔଟ֯ܗηϧͷܗঢ়͕࣮ݧ݅ʢe.g., ྉఆࡐͷαΠζɼܥ

ɼ߆ଋ݅ɼס૩ʣʹର͠ҰఆͷنଇΛͬͯมԽ͢Δ͜ͱΛ͍ࣔͯ͠Δʢ͜ΕΒͷڀݚͷ͏ͪɼ

ಛʹৄࡉͳσʔλΛ͍ࣔͯ͠Δͷ Corte and Higashi (1960)11) ͷϨϙʔτͰ͋Δʣɽ

ྫ͑ɼηϧͷฏۉత໘ੵࢼྉͷްͷ૿Ճʹͬͯ૿Ճ͠ɼُ྾ͷަࠩ֯ 90◦ʹΘͬͯ 120◦

ʹͷαΠζͱಉͷฏ໘ํܥͷαΠζʹൺेʹް͘ͳΔͱηϧαΠζ͕ܥతͱͳΔɽ͕ࢧ͕

ͳΓɼηϧܗ͞Εͳ͘ͳΔ 2,12–15)ɽ͜ͷްͱηϧαΠζͷؔʹؔ͢Δৄࡉͳٞɼ͜Ε·Ͱ
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ʹଟ͘ͷߦ͍͓ͯʹڀݚΘΕ͓ͯΓ 11,12,16–18) ίʔώʔค೪ͳͲΛ༻͍͍͔ͨͭ͘ͷ࣮ݧͰɼ

ηϧͷ͞εέʔϧްʹൺྫ͢Δͱ͚݁ͮΒΕ͍ͯΔ 12,19)ɽҰํͰɼଞͷ࣮݁ݧՌͰ͜ͷΑ

͏ͳηϧͷ͞εέʔϧͱްͷൺྫؔࣔ͞Ε͍ͯͳ͍ 11,16)ɽ͕ͨͬͯ͠ɼ͜ΕΒͷ͔ٞΒಘ

ΒΕΔଥͳ݁ɼʮްͷ૿Ճʹର͢ΔηϧαΠζͷ૿Ճʯͱ͍͏ఆੑతͷΈͰ͋Δɽ

·ͨɼ೪Λ༻͍ͨס૩࣮ݧͰɼڥք໘ͷ߆ଋ݅ࢼྉܗঢ়ΛมԽͤ͞Δ͜ͱʹΑͬͯɼೋݩ࣍త

ͳঢ়ُ྾ύλʔϯ͚ͩͰͳ͘Ұݩ࣍తͳฏُߦ྾ύλʔϯ࡞Γग़ͤΔ͜ͱΛ͍ࣔͯ͠Δ 15,16,20)ɽ

͞Βʹɼ༰ثଆʹϫηϦϯΛృΓɼࢼྉͱ༰ؒثͷຎࡲΛ͢ݮΔ͜ͱͰɼηϧαΠζ͕૿Ճ͢Δ

͜ͱ 12)ɼఈ໘ج൫ͷ࣭ࡐʹΑΓُ྾ύλʔϯ͕มԽ͢Δ͜ͱ͞؍Ε͍ͯΔ 11)ɽҎ্ͷΑ͏ͳڥ

ք݅ʹΑΔُ྾ύλʔϯͷมԽͷΈͳΒͣɼελʔνΛ༻͍࣮ͨݧͰܗ͞ΕΔنଇతͳ֯ηϧ

21–26)ɼ೪ʹؚ·ΕΔԘྔͷ૿ՃʹΑΔُ྾ͷݮগ 27)ɼకΊݻΊͨʹ͓͚Δُ྾ύλʔϯ 28,29)

ͳͲɼࡐྉʹΑΔُ྾ύλʔϯͷҧ͍ʹண࣮ͨ͠ݧଟ͍ɽ·ͨɼްৠൃʹΑΔס૩ُ྾ܗ

ঢ়ʢe.g., ُ྾։ޱ෯ɼُ྾ਂ͞ʣͷมԽ͞ূݕΕ͍ͯΔ 30,31)ɽ͜ͷΑ͏ʹɼס૩ഁյݱʹؔ͢Δ

͞Λ౿·͑ͯɼࠔྉ෦ͷཧྔมԽͷϛΫϩεέʔϧͰͷଌఆͷࢼ૩աఔʹ͓͚Δסɼڀݚతݧ࣮

ྉ͔Βͷਫৠൃྔͱُ྾ຊͱͷؔࢼɼঢ়ͱͷؒͷؔܗԿزք݅ͱُ྾ͷڥͷαΠζ͓Αͼܥ

ஙΛతͱ͍ͯͨ͠ɽߏతͳཧϞσϧͷݱͮ͘جʹͷऩूͱɼ͜Ε࣮ࣄݧͳͲʹ͍ͭͯͷ࣮

͜ͷํʹڀݚͮ͘جɼۙʹࢸΔ·Ͱ༷ʑͳࡐྉࢼྉܗঢ়ɼڥք݅ʹ͍ͭͯཏతʹߦΘΕ

͓ͯΓɼৄࡉͳُ྾ܗঢ়ͷσʔλΛಘΔͨΊͷ࣮ݧతख๏ఏҊ͞Ε͍ͯΔ 32,33)ɽ͔͠͠ͳ͕Βɼಘ

ΒΕ༷ͨʑͳ࣮݁ݧՌΛ౷Ұతʹઆ໌Ͱ͖ΔΑ͏ͳཧϞσϧɼະͩݟग़͞Ε͍ͯͳ͍ɽ͜ͷݪҼͷ

ҰͭʹɼଌఆͰ͖Δཧྔ͕ɼܥͷαΠζɼڥք݅ɼࢼྉશମͰͷؚਫྔมԽͳͲɼϚΫϩεέʔ

ϧͰฏۉԽ͞ΕͨͷΈͰ͋Δ͜ͱ͕͋͛ΒΕΔɽُ྾ͷਐలํɼࢬ͔Εɼަࠩ֯ͳͲɼُ྾ઌ

ۙͷϛΫϩεέʔϧͰͷཧʹΑܾͬͯఆ͞ΕΔ͜ͱΛ͑ߟΔͱɼϚΫϩεέʔϧͰͷཧྔͷ

ฏۉͱϚΫϩεέʔϧͰͷُ྾ͷಛྔͱͷؔݱͮ͘جʹతཧϞσϧΛ༻͍ͯס૩ഁյݱ

Λઆ໌͢Δ͜ͱ͍͠ͱ͚݁͟ΔΛಘͳ͍ɽ͜ͷ͜ͱ͔Βɼס૩ഁյݱʹؔ͢Δৄࡉͳఆྔత

ٞʹɼཧ͓Αͼղੳʹͮ͘جϛΫϩεέʔϧͷཧݱͷ͕ূݕඞཁͰ͋Δͱ͍͑Δɽ

քͱղੳٕज़ͷൃୡʹ͍ɼۙͰཧత͓ΑͼղੳతΞϓϩʔνʹΑΔݶͷڀݚతݧ࣮

૩ഁյסΛతͱ͠ɼݱ࠶ΒಘΒΕΔُ྾ύλʔϯͷ͔ݧɼ࣮ڀݚओྲྀͱͳ͍ͬͯΔɽ͜ΕΒͷ͕ڀݚ

Έ͍ͯΔࢼͷϞσϧԽͱదͳղੳख๏ͷఏҊΛݱ 34–39)ɽͦͷ͏ͪɼදతͳͷͱͯ͠ɼ2ຕ

ͷ߶ମ൘Λഁյͷᮢ͕ͦΕͧΕҟͳΔฏߦͳϑΝΠόʔʹΑͬͯଓͨ͠ fibre bundle model40)ɼᮢ

Ҏ্ͷిྲྀ͕ྲྀΕΔͱஅ͞ΕΔೋݩ࣍ͷిؾతཁૉʹΑͬͯߏ͞Εͨ random fuse model41,42)ɼཻ
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:͞ΕΔͶωοτϫʔΫϞσϧʢSNMߏͱͦΕΒΛଓ͢ΔͶʹΑͬͯࢠ Spring Network Modelʣ

43–53)ɼϑΣʔζϑΟʔϧυϞσϧ 54)ɼDEM (Discrete Element Method) ༗ݶཁૉ๏ʹͮ͘جϞσ

ϧ 55–58) ͳͲ͕͋͛ΒΕΔɽ

Ұͳਫ͕ॏཁͳׂۉ૩ʹΑΔਫҠಈͷ݁Ռੜ͡Δෆסʹ͓͍ͯɼܗ૩ُ྾ͷύλʔϯס

Λ୲͏͜ͱ؍తʹཧղͰ͖Δɽ͔͠͠ɼ͜Ε·ͰʹఏҊ͞ΕͨϞσϧͷଟ͘͜ͷ؍ʹͯ͠ɼ

Ұ༷ͳਫΛલఏͱ͓ͯ͠ΓɼෆۉҰͳࡐྉಛੑ͕ס૩ُ྾ͷಛతͳύλʔϯΛܗ͢ΔཁҼͰ

͋ΔͱͷԾఆʹ͍͍ͨͯͮجɽ

ྫ͑ɼ࠷γϯϓϧͳϞσϧͰ͋Δೋݩ࣍ͶωοτϫʔΫϞσϧ 50) ͰɼྖҬͷਫ

Ұ༷ͱԾఆ͞Εɼਫͷৠൃʹ͏ମੵऩॖɼͶͷࣗવΛ͘͢Δ͜ͱʹΑͬͯද͞ݱΕΔɽ͜

ͷϞσϧͰɼೋݩ࣍ͷࢠ֨ܗ֯ࡾঢ়ʹۉஔͨ͠ͶωοτϫʔΫʹΑΓ೪ͷബݧࢼମΛ͠

͍ͯΔ͕ɼશʹ࣭ۉͳͶωοτϫʔΫϞσϧʢi.e., ҰऩॖϞσϧʣͰಛతͳُ྾ۉഔ࣭ͷ࣭ۉ

ύλʔϯҰग़͠ݱͳ͍ɽ͕ͨͬͯ͠ɼಛతͳύλʔϯͷࣗൃతܗͷ֩ͱ͍͔ͯͭ͘͠ͷෆۉҰ

ੑΛϞσϧʹΈࠐΉඞཁ͕͋Δɽ͜ͷϞσϧͰɼഁյྗ͕ᮢΛ͑ͨͶͷஅʹΑΓද

Δɽ͞ΒʹɼͶͷੑ͍ͯ͠ݱॴతܽؕΛදہͷڧྉࡐΕɼ͜ͷᮢʹΒ͖ͭΛ༩͑Δ͜ͱͰ͞ݱ

࣭ɼͶͷ݁અͷຎࡲɼͶͷஔɼʹͦΕͧΕΒ͖ͭΛ༩͑Δ͜ͱͰɼੑɼมܗɼڥք݅ͷ

Β͖͕ͭϞσϧʹಋೖ͞Ε͍ͯΔɽ͜ͷϞσϧɼύϥϝʔλͷదͳνϡʔχϯάʹΑͬͯɼ

ঢ়ͷُ྾ߏΛ࡞Γग़͢͜ͱग़དྷΔ͕ɼηϧͷαΠζܗঢ়ɼ࣮͞؍ʹࡍΕΔס૩ُ྾ύλʔ

ϯͱେ͖͘ҟͳΔɽͭ·Γɼ͜ͷϞσϧɼס૩ഁյݱΛ೦಄ʹஔ͍͍ͯΔ͕ɼס૩ഁյͱશ

͘ҟͳΔηϧϥʔΦʔτϚτϯͱҐஔ͚ͮΒΕΔɽ

DEMʹͮ͘جϞσϧ 58)ͰɼਫͷৠൃͷӨڹΛཻࢠͷମੵऩॖɼཻؒࢠͷͶఆɼཻؒࢠͷ

Ͷڧʹөͤ͞Δ͜ͱʹΑΓɼͶωοτϫʔΫϞσϧΛ೪ͷס૩ُ྾ύλʔϯܗͷʹۙͮ

͚ΔࢼΈ͕ͳ͞Ε͍ͯΔɽ͜ͷϞσϧͰ্هͷೋݩ࣍ͶωοτϫʔΫϞσϧͱಉ༷ɼྖҬͷҰ༷

ͳਫΛԾఆ͍ͯ͠Δɽ·ͨɼࡐྉಛੑͷෆۉҰੑɼཻܘࢠͷΒ͖ͭʹΑͬͯϞσϧʹಋೖ

͞Ε͍ͯΔɽഁյʹد༩͢Δཻؒࢠ૬ରมҐཻࢠαΠζʹґଘ͠ͳ͍͜ͱ͕ٻΊΒΕΔʹؔΘΒͣɼ

ࢠൺྫ͢Δɽͭ·ΓɼཻʹܘࢠมҐཻؒࢠͷมԽؚ͕ਫͷؔͱͯ͠༩͑ΒΕΔͨΊɼཻܘࢠཻ

ؒͷͭͳ͕Γɼܘͷେ͖ͳཻࢠಉ࢜ͷํ͕ܘͷখ͞ͳཻࢠಉ࢜ʹൺͯɼ૬ରతʹऑ͘ͳΔɽ͜Εɼ

ʹΒ͖ͭΛಋೖ͍ͯ͠Δ͜ͱʹଞͳΒͳ͍ɽ͜ͷϞσϧͰɼঢ়ͷُ྾ύλʔڧͷͶؒࢠཻ

ϯɼް߆ଋ݅ʹԠͨ͡ηϧαΠζͷมԽͳͲɼఆੑతͳͷݱ࠶ʹޭ͍ͯ͠Δ͕ɼηϧ

ͷ֊తͳׂաఔס૩ͷਐߦʹ͏ُ྾ͷ૿ՃͳͲͷଊ͑ΒΕ͍ͯͳ͍ɽ
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ΜͩࠐδϣΠϯτཁૉΛຒΊ͢ڐքʹഁյΛڥ໘ମιϦουཁૉͱͦͷཁૉ࢛ͭ࣋ྉఆΛࡐҰͳۉ

༗ݶཁૉϞσϧ 57) ͰɼਫͷৠൃͷӨڹΛ࢛໘ମιϦουཁૉͷମੵऩॖͱͯ͠༩͑ͯɼס૩ഁյ

ͷղੳΛ͍ͯͬߦΔɽ͜ͷղੳͰɼס૩ُ྾ύλʔϯͷܗঢ়ɼηϧαΠζɼ͓Αͼ͜ΕΒͷްґଘ

ੑͳͲΛൺֱతྑݱ࠶ʹͰ͖Δέʔε͋Δ͕ɼ࣮ݧͰ؍ଌ͞ΕΔُ྾ύλʔϯ͔Βେ͖͘֎ΕΔ

߹͋Δɽ·ͨɼηϧͷ֊తͳׂաఔݱ࠶Ͱ͖͍ͯͳ͍ɽྑݱ࠶ʹͰ͖Δྫɼ΄΅ೋݩ࣍

ͱݟͳ͢͜ͱͷग़དྷΔബݧࢼମʹݶఆ͞Ε͍ͯΔɽ͜ͷओͳݪҼɼҰ༷ͳס૩ऩॖΛԾఆ͍ͯ͠

Δʹ͋Δͱ͍͑Δɽ

͜ͷΑ͏ʹɼס૩ʹ͏ਫҠಈʹΑΔෆۉҰͳਫΛແͨ͠ࢹղੳతΞϓϩʔνͷڀݚɼ

ዞҙతͳཻؒࢠ૬࡞ޓ༻ෳࡶͳࡐྉߏଇΛಋೖ͢Δ͜ͱʹΑͬͯɼُ྾ύλʔϯͦͷͷͷෳ͞ࡶ

ɼُ྾ύλʔϯͱڥք݅ͱͷؔͷෳ͞ࡶΛઆ໌͠Α͏ͱ͢ΔࢼΈͰ͋ΔͱҐஔ͚ͮΒΕΔɽ͜Ε

ΒͷڀݚͰఏҊ͞ΕͨϞσϧͰɼಛతͳُ྾ύλʔϯΛܗ͢ΔͨΊͷʮ֩ʯͱͯ͠ɼਓҝతͳ

Β͖ͭΛͭύϥϝʔλʢi.e., ྉಛੑʣΛಋೖ͢Δඞཁ͕͋Δɽ͜ΕɼϞσϧʹਓҝతͳ͞εࡐ

έʔϧΛಋೖ͍ͯ͠Δ͜ͱʹଞͳΒͣɼ͞ݱ࠶ΕΔηϧαΠζηϧܗঢ়ɼਓҝతʹಋೖ͞Εͨෆۉ

Ұੑʹ͘ڧґଘ͢Δɽ͕ͨͬͯ͠ɼ͜ΕΒͷϞσϧͰҙਤ͢Δُ྾ύλʔϯΛಘΔͨΊɼዞҙతͳύ

ϥϝʔλνϡʔχϯάΛཁ͢ΔɽՃ͑ͯɼ͜ͷΑ͏ͳҰ༷ͳਫɾס૩ऩॖͷԾఆʹͮ͘جϞσϧ

Ͱɼס૩ഁյݱʹಛతͳʮஈ֊త͔ͭ֊తͳηϧͷׂաఔʯɼೋݩ࣍ͱΈͳ͢͜ͱ͕

ग़དྷͳ͍ʮްݧࢼମʹ͓͚Δُ྾ύλʔϯʯΛ͢ݱ࠶Δ͜ͱͰ͖ͳ͍ɽްݧࢼମͷُ྾ύλʔϯ

ηϧͷׂաఔΛ͢ݱ࠶ΔͨΊʹɼؒ࣌ͱͱʹมԽ͢ΔඇҰ༷ͳਫͱُ྾͕ʹٴ΅͢Ө

ΊΒΕΔɽٻΛదʹϞσϧʹऔΓೖΕΔ͜ͱ͕ڹ

ඇҰ༷ͳਫͱُ྾ͷӨڹΛϞσϧʹऔΓೖΕΔࢼΈɼྫ͑ɼPeron et al.ʢ2008ʣ59) ʹΑ

ΔҰݩ࣍తͳฏُߦ྾ύλʔϯͷݱ࠶Λతͱͨ͠ղੳʹΈΒΕΔɽ͜ͷϞσϧͰɼਫҠಈʹ

͏ମੵऩॖͱมҐͷͱΛ࿈ͤͨ͞ FEMղੳΛ͍ͯͬߦΔɽ͜ͷ࿈ղੳ͔ΒಘΒΕΔԠྗ

ɼཻܘࢠऩॖͷͱͯ͠ DEMղੳʹૠೖ͞Ε͍ͯΔɽͭ·ΓɼਫҠಈʹ͏มܗͷ݁Ռੜ

͡ΔഁյɼDEMʹΑͬͯऔΓѻΘΕ͍ͯΔɽ͜ͷղੳɼס૩ُ྾͕ࢼྉද໘͔Βఈ໘ਐల

͢Δ༷ࢠΛ͍ͯ͠ݱ࠶Δ͕ɼُ྾ύλʔϯͷݱ࠶ʹ͍ͯͬࢸͳ͍ɽ·ͨɼMusielak and Śliwaʢ2012ʣ

60)ਫͷมԽྀ͍ͯ͠ߟΔ͕ɼมܗͱഁյʹؔͯ͠؆қతͳͶωοτϫʔΫϞσϧΛ༻͍

͓ͯΓɼݻମ࿈ଓମͷมܗɾഁյΛදݱͰ͖͍ͯͳ͍ɽͦͷͨΊɼ͜ͷղੳʹُ͓͍ͯ྾ύλʔϯͷ

తࣅɾԠྗ࿈ղੳͱഁյղੳͱͷٖࢄҼɼղੳϞσϧ͕֦ݪͳ͍ɽ྆ऀͷࣦഊͷ͍ͯͬࢸʹݱ࠶

ͳ࿈ղੳϞσϧʹͱͲ·͍ͬͯͨ͜ͱʹ͋Δͱ͑ߟΒΕΔɽ
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Ҏ্ͷΑ͏ʹɼैདྷڀݚͰס૩ഁյݱʹ͓͚Δُ྾ύλʔϯܗͷʹର͠ɼ࣮ݧɾཧɾ

ղੳʹΑΔ༷ʑͳΞϓϩʔν͕ߦΘΕ͖͕ͯͨɼͦͷ͍ͣΕʹ͓͍ͯס૩ഁյݱͷ۩ମతϝΧχ

ζϜΛઆ໌Ͱ͖͍ͯͳ͍ɽ1ੈلҎ্ʹ͓ΑͿ͕͋ݟΔʹؔΘΒͣɼס૩ഁյݱʹ͓͍ͯס૩ُ

྾ܗ͕܈͢Δಛతͳύλʔϯ͕͍͔ʹܾͯ͠·Δͷ͔ͱ͍͏ɼະͩղ໌͞Ε͍ͯͳ͍ͷͰ͋

Δɽैདྷͷɼཧతࠜڌͷͳ͍ݱతϞσϧෳࡶͳࡐྉߏଇͷಋೖɼዞҙతͳύϥϝʔλνϡʔ

χϯάͱ͍ͬͨڀݚख๏ɼҙਤ͢Δ݁ՌΛ࡞Γग़͍ͯ͠Δʹա͗ͣɼ͜ͷͷຊ࣭తͳղܾࡦʹ

ͳΓಘ͍ͯͳ͍ɽҰํͰɼס૩ഁյݱʹʮಛతͳ͞εέʔϧΛͭଟ֯ܗηϧͷࣗൃతܗʯ

ͱ͍͏ࡐྉ݅ʹΑΒͳ͍ڞ௨ͷಛ͕ଘ͢ࡏΔ͜ͱʹண͢Εɼס૩ُ྾ʹΑΔύλʔϯܗͷ

ዞҙతͳࡐྉߏଇύϥϝʔλνϡʔχϯάʹґଘ͠ͳ͍ɼϑΝϯμϝϯλϧͳཧͷࢧ๏

ଇͰઆ໌Ͱ͖ΔͣͰ͋Δͱ͑ߟΔ͜ͱ͕Ͱ͖Δɽ

1.2 త

ຊจͰɼס૩ഁյݱΛʮࡐྉͷਫ֦ࢄʯɼʮࡐྉͷมܗʯɼʮࡐྉͷഁյʯͱ͍͏ 3ͭͷϑΝ

ϯμϝϯλϧͳཧݱʹΓ͚ͯ͑ߟΔɽ͜ΕΒͷཧݱͷύϥϝʔλʹؔ͢Δݩ࣍ղੳͱɼ࣮

͢Δύϥϝʔλ͕มԽ͢Δ͜ͱͰُ྾ύߏΛݱΛরΒ͠߹ΘͤΔͱɼ֤ཧΒಘͨఆੑత͔ݧ

λʔϯͷ͞εέʔϧʢi.e., ଟ֯ܗηϧͷηϧαΠζʣมԽ͢Δ͜ͱ͕͔Δɽ͜ͷ͜ͱ͔Βɼ֦ࢄ

͑ߟͷύϥϝʔλͷൺ͕͞εέʔϧΛܾఆ͍ͯ͠ΔͱɼਫऩॖڧɼϠϯάɼҾு

Δ͜ͱ͕Ͱ͖Δɽ͜ͷߟʹै͍ɼʮס૩ُ྾ύλʔϯͷಛతͳ͞εέʔϧɼෳͷཧݱͷ࿈

ʹΑܾͬͯఆ͞ΕΔʯͱ͍͏ԾઆΛཱͯͨɽ

͜ͷԾઆΛݩʹɼס૩ഁյݱΛɼਫ֦ࢄɾมܗɾഁյͱ͍͏ 3ͭͷཧݱ͔ΒΓཱͭϚϧν

ϑΟδοΫεͷͱͯ͠ଊ͑ɼס૩ഁյݱʹର͢Δ֦ࢄɾมܗɾഁյͷ࿈ϞσϧΛ࿈ଓମྗֶͷ

ΈͰఏҊ͢Δɽ·ͨɼఏҊͨ͠࿈Ϟσϧʹ͍ͨͮجղੳΛ͜͏ߦͱʹΑͬͯɼਫʖคମࠞ߹

ͷס૩աఔͰੜ͡Δಛతͳ͞εέʔϧΛُͭ྾ύλʔϯ͕ɼዞҙతͳ͞εέʔϧʢi.e., ྉͷࡐ

ྗֶతੑ࣭ɼॳظਫɼڥք݅ɺղੳྖҬͷزԿܗঢ়ͷΒ͖ͭʣͷಋೖͳ͠ʹ࣭ۉͳॳظঢ়ଶ

͔Βൃ͞ΕΔաఔΛ͢ݱ࠶Δɽ͜ͷղੳͷͨΊɼࡐྉͷੑมܗͱഁյʹΑΔมҐͷෆ࿈ଓੑ

Λ؆ศʹऔΓѻ͑ΔཻࢠࢄԽ༗ݶཁૉ๏ʢPDS-FEM: Particle Discretization Scheme Finite Element

Methodʣ61–65)ͷద༻ൣғΛɼס૩ऩॖͱ͍͏ඇੑมܗΛ͏ʹ͓͚Δഁյݱͱ֦ு͢Δɽ·

ͨɼPDS-FEMͱ༗ݶཁૉ๏Λ༻͍ͨڧ࿈ղੳͱऑ࿈ղੳͷ͍͚ͱ͍͏৽ͨͳख๏ΛఏҊ͢Δ
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͜ͱͰɼ֦ࢄͱഁյͱ͍͏࣌ఆ͕େ͖͘ҟͳΔݱͷ࿈ΛՄʹ͢Δɽ͞ΒʹɼࢎΧϧγϜΛ

ܗঢ়͓Αͼُ྾ύλʔϯͷܗͱղੳͰಘΒΕُͨ྾ύλʔϯͷݧɼ࣮͍ߦΛݧ૩ഁյ࣮ס͍ͨ༺

աఔʹؔͯ͠ൺֱ͢Δ͜ͱͰɼఏҊͨ͠ԾઆͱͦΕʹͮ͘ج࿈ϞσϧͷଥੑͷূݕΛ͏ߦɽ

ُ྾ύλʔϯߏ֊త͔ͭෆՄٯతʹܗ͞Εɼύλʔϯߏͷൃؒ࣌లʹ͍͕มԽ͢Δɽ

͜ͷෳࡶͳʹ͓͍ͯɼෳͷཧݱͷ૬࡞ޓ༻͕ύλʔϯͷܾఆʹରͯ͠Ռׂͨ͢Λ؍తʹ

Ѳ͢Δ͜ͱ͍͠ɽ͜ΕΛ౿·͑ɼຊڀݚͰղੳʹΑͬͯෳཧؒͷ૬࡞ޓ༻ͷ۩ମతͳ࢟

Λ໌Β͔ʹ͠ɼס૩ഁյݱʹ͓͚Δُ྾ύλʔϯܗͷࢧ๏ଇΛಋ͘ɽ

1.3 ຊจͷߏ

ຊจ 7ষ͔Βߏ͞ΕΔɽୈ 1ষͰɼຊจͷڀݚഎܠͱతʹ͍ͭͯड़ͨɽୈ 2ষͰɼ

తͳఆࣜԽΛࣔ͢ɽୈࢄͷཧϞσϧΛఏҊ͠ɼղੳతͳఆࣜԽ͓Αͼݱ૩ഁյס 3ষͰɼୈ 2ষ

ͰఏҊ͢Δ࿈Ϟσϧͷߏʹͮ͘جղੳख๏ʹ͍ͭͯड़Δɽୈ 4ষͰɼҰݩ࣍తͳฏُߦ྾

ύλʔϯͱͦͷܗաఔʹؔ͢Δղੳ݁ՌΛࣔ͢ɽୈ 5ষͰɼೋݩ࣍తͳঢ়ُ྾ύλʔϯͱ

ͦͷܗաఔʹؔ͢Δղੳ݁ՌΛࣔ͢ɽ·ͨɼղੳ݁ՌͱࢎΧϧγϜݒӷΛ༻͍ͨס૩ഁյ

ɽୈ͏ߦΛূݕͷ݁ՌΛఆྔతʹൺֱ͢Δ͜ͱͰɼղੳ݁Ռͷଥੑͷݧ࣮ 6ষͰɼ֦ࢄͱมܗ

ͷ࿈ʹͷΈணͨ͠ղੳΛ͏ߦͱͱʹɼୈ 5ষͷղੳ݁ՌΛੳ͢Δ͜ͱͰɼُ྾ύλʔ

ϯܗͷϝΧχζϜʹؔ͢ΔߟΛ͏ߦɽୈ 7ষͰɼຊจͷ݁Λड़Δɽ
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ୈ2ষ ͷཧϞσϧݱ૩ഁյס

ҰͳऩॖʹΑͬͯੵ͞ΕͨͻͣΈΤωϧΪʔ͕ɼഁۉྉͷෆࡐɼਫͷৠൃʹ͏ݱ૩ഁյס

յʹΑͬͯղ์͞ΕΔݱͰ͋Δɽ͜ͷഁյʹΑΔͻͣΈΤωϧΪʔͷղ์ஈ֊తʹߦΘΕɼُ྾ύ

λʔϯͷۭؒ࣌త֊ߏΛੜΈग़͢ɽס૩ഁյݱͷऔΓѻ͍Λ͘͢͠Δ࠷େͷཁҼɼ͜ͷ֊

త͔ͭෆՄٯతʹܗ͞ΕΔύλʔϯߏ͕ͷ࿈ଓੑΛมԽͤ͞ܥશମʹӨڹΛٴ΅͢͜ͱʹ͋Δɽ

͜ΕΛ౿·͑ɼຊষͰס૩ഁյݱʹର͠ɼύλʔϯߏͷܗʹ͍มԽ͢ΔΛదʹଊ͑ΒΕ

ΔΑ͏ͳཧϞσϧΛఏҊ͢Δɽ

2.1 ઃఆ

ਤ- 2.1 (a)ɼಁਫੑΛͭมܗମͷס૩ഁյաఔʹ͍ͭͯɼҰൠੑΛ࠷େ֬ݶอͨ͠ઃఆʢ֎

(ɾഁյͷ࿈Ͱ͋ΓɼiܗɾมࢄྉಛੑɼͷมʣΛද͢ɽ͜ͷɼ֦ࡐքɼڥɼܗ ُ྾Λ

ؚΉഔମͷਫ֦ࢄʹؔ͢Δॳظڥքʢਤ- 2.1 (b)ʣɼii) ਫ֦ࢄʹΑΔɼُ྾ΛؚΉഔମ

ͷมܗʹؔ͢Δڥքʢਤ- 2.1 (c)ʣɼͷ࿈ͱͯ͠ఆࣜԽ͢Δ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼਤ- 2.1

(b)ɼُ྾ΛؚΉഔମͷਫ֦ࢄʹؔ͢Δॳظڥքʹର͢ΔઃఆΛදͨ͠ͷͰ͋Γɼ

ਤ- 2.1 (a)ͷ͏ͪؔ͢ΔࡐྉಛੑͱͷมΛ͍ࣔͯ͠Δɽಉ༷ʹɼਤ- 2.1 (c)ɼਫ֦ࢄʹΑΔɼ

ُ྾ΛؚΉഔମͷมܗʹؔ͢Δڥքʹର͢ΔઃఆΛදͨ͠ͷͰ͋Δɽ

ͳ͓ɼຊจதʹ͓͚Δଠࣼମه߸ϕΫτϧྔɼ·ͨςϯιϧྔΛද͠ɼԼ͖ͭఴࣈͰද͞هΕ

Δه߸ͦΕͧΕͷΛද͢ɽࣜ (2.6)Ҏ߱ɼදهͷࣜʹ͓͍ͯ૯نΛ༻͍Δɽ
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(c)

(b)

(a)

!" #$%&'!"()*+,-!"./,-!"012(3! 0145678!"9:!"678!"#$

ਤ–2.1 ૩ഁյաఔͷཧͷઃఆɽס

(a)ಁਫੑΛͭมܗମ͕ɼס૩ഁյͷաఔʹ͋Δࡍͷઃఆɼ

(b) ُ྾ΛؚΉഔମͷਫ֦ࢄʹؔ͢Δॳظڥքͷઃఆɼ

(c) ਫ֦ࢄʹΑΔɼُ྾ΛؚΉഔମͷมܗʹؔ͢Δڥքͷઃఆɽ
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2.2 ղੳతͳఆࣜԽ

Թ݅Լͷෆதʹ͓͚ΔඇఆৗྲྀΕͷਫྔ Richardsࣜ 66)ʹΑͬͯද͞ݱΕΔɽਫྔ

දهͷ Richardsࣜɼ

∂θ

∂t
= ∇ · (D(θ)∇θ) + ∂K(θ)

∂z
(2.1)

ͷΑ͏ʹ 2֊ͷඇઢܗภඍํఔࣜͰද͞ΕΔɽ͜͜Ͱ θମੵؚਫʢਫͷମੵ͕શମੵʹΊΔׂ

߹ʣɼtؒ࣌ɼK(θ)ෆಁਫɼD(θ)ਫ֦ࢄΛද͢ɽz࣠ΛԖԼ͖ͷ࠲ඪ࣠ͱ͢

Δͱɼӈลୈ 2߲ৠൃʹ͏Ԗ্ํͷਫҠಈΛ્͢ΔॏྗͱͳΔɽ·ͨɼਫ֦ࢄ

͓Αͼෆಁਫɼମੵؚਫͷ૿ՃؔͱͳΔɽ͜͜Ͱɼݧࢼମ͕ൺֱతബ͘ɼס૩աఔʹ͓

͍ͯԖํۃʹͳਫͷ͕͖ੜ͡ͳ͍߹ɼਫ֦ࢄ͕ମੵؚਫʹΑΒͣҰఆͱͯ͠

ݱΛ͢ݱ࠶Δʹेͱ͑ߟΒΕΔɽ͞Βʹɼ͜ͷΑ͏ͳݧࢼମͰࣜ (2.1)ͷӈลୈ 2߲ͷॏྗ

ͷӨڹখ͍͞ɽՃ͑ͯɼશମͷମੵؚਫͷݮগʹ͍ӈลୈ 1߲ͷѹྗ͕ࢧతͱͳΔ͜

ͱ͔ΒɼຊڀݚͷϞσϧͰॏྗΛແ͢ࢹΔɽ͜ͷ݁ՌɼRichardsࣜ Fickͷ֦ํࢄఔࣜͱಉܗ

ͷࣜʹ؆ུԽ͞ΕΔɽ

Ҏ্Λ౿·͑ɼਫʖคମࠞ߹ΛํతͳಁਫੑΛ࣭ͭۉମ Ω (∈ R3)ͱͯ͠ϞσϧԽ͠ɼס૩ʹ

͏ਫʖคମࠞ߹ͷਫҠಈΛ Ωͷମੵؚਫ θͷ֦ࢄաఔʹΑͬͯهड़͢Δɽମੵؚਫ θɼ

Ґஔ xͱؒ࣌ tͷؔͰ͋Δɽ͜ͷ֦ࢄաఔମੵؚਫ θ(x, t)ʹର͢Δ Fickͷ֦ํࢄఔࣜ

θ̇ = D∇2θ x ∈ Ω \ ∂Ω (2.2)

ʹΑͬͯද͢͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼ θ̇  ؒ࣌ tʹΑΔ θͷภඍɼD ਫ֦ࢄɼ∂Ω Ωͷ

֎෦ڥքͰ͋Δɽ

ਤ- 2.1 (b)ʹࣔ͢Α͏ʹɼྖҬ Ωͷ֎෦ڥք ∂ΩɼNeumannڥք ∂Ωw ͱ Dirichletڥք ∂Ωθ ʹ

Αͬͯߏ͞Ε͍ͯΔɽ∂Ωw ্ʹৠൃʹΑΔਫϑϥοΫε͕ɼ∂Ωθ ্ʹମੵؚਫ͕ͦΕͧΕ

༩͑ΒΕ͍ͯΔɽඋੑ ∂Ω = ∂Ωw ∪ ∂Ωθ ͱഉଞੑ ∂Ωw ∩ ∂Ωθ = ∅͕ຬ͞ΕΔݶΓʹ͓͍ͯɼ∂Ωw

୯࿈݁Ͱ͋Δඞཁͳ͍ʢ∂Ωθ ʹ͍ͭͯಉ༷Ͱ͋Δʣɽ·ͨɼُ྾໘ Γ্Ͱਫෆ࿈ଓͱͳΓɼ
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ُ྾໘ ΓৠൃʹΑΔਫϑϥοΫε͕༩͑ΒΕΔ෦ Neumannڥքͱͯ͠ѻΘΕΔɽॳظମੵؚਫ

 θ0(x)Λ༩͑Δ͜ͱͰɼਤ- 2.1 (b)ʹ֦ࣔͨ͠ࢄʹؔ͢Δॳظڥքɼ

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ̇ = D∇2θ x ∈ Ω \ (∂Ω ∪ Γ) (2.3a)

θ(x, 0) = θ0(x) x ∈ Ω \ (∂Ω ∪ Γ) (2.3b)

θ(x, t) = θ̄(x, t) x on ∂Ωθ (2.3c)

D
∂θ

∂n
= −w̄(x, t) x on ∂Ωw (2.3d)

D
∂θ

∂n
= −v̄(x, t) x on Γ (2.3e)

ͱఆࣜԽͰ͖Δɽ͜͜Ͱɼ θ̄(x, t) ∂Ωθ ্Ͱͷମੵؚਫɼ nৠൃ໘ʹର͢Δ୯Ґ๏ઢϕΫτϧɼ

w̄(x, t) ∂Ωw ʹ͓͚Δৠൃɼv̄(x, t)ُ྾໘ Γʹ͓͚ΔৠൃͰ͋Δɽ͜ͷॳظڥք

Λղ͘͜ͱʹΑͬͯɼྖҬ Ωʹ͓͚Δਫͷൃؒ࣌లΛಘΔ͜ͱ͕Ͱ͖Δɽ

૩ʹ͏ମੵؚਫס θͷݮগʹԠͨ͡ମੵऩॖͻͣΈ εv(x, t)

εv(x, t) =
1

λ

ρw
ρd

{θ(x, t)− θ(x, 0)} (2.4)

ͱ༩͑ΒΕΔɽ͜͜Ͱɼρw ਫͷ࣭ྔີɼρd คମͷס૩ີʢคମͷ࣭ྔΛશମੵͰআͨ͠ʣɼ

λคମͷਫऩॖͰ͋Δɽ͜ͷס૩ʹΑΔମੵऩॖͻͣΈ εv ɼԠྗʖͻͣΈؔʹ͓͚ΔΦϑ

ηοτͱͯ͠มܗʹؔ͢ΔڥքʹΈࠐ·ΕΔɽ

ํ࣭ۉઢܗੑମ Ω͕ɼॳظڥք (2.3)ʹΑͬͯهड़͞ΕΔ֦ࢄʢס૩ʣաఔʹ͋ΔͱԾ

ఆ͢Δɽס૩ʹΑΔମੵऩॖͻͣΈ εv(x, t)ʹରԠͨ͠มܗɼ࣍ͷํఔࣜͷʢྗͷͭΓ͍͋ࣜɼס

૩ऩॖΛؚΉߏࣜɼมҐʖͻͣΈؔʣʹΑͬͯࢧ͞ΕΔɽ

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∇.σ = 0 x ∈ Ω \ ∂Ω (2.5a)

σ = c : (ε− εs) x ∈ Ω \ ∂Ω (2.5b)

ε =
1

2

(
∇u+ (∇u)T

)
x ∈ Ω \ ∂Ω. (2.5c)

͜͜ͰɼσԠྗςϯιϧɼ cੑςϯιϧɼεશͻͣΈςϯιϧɼεsס૩ऩॖͻͣΈςϯιϧɼ

uมҐϕΫτϧɼ(∗)T ྻߦͷసஔΛද͢ɽΩ͕ํ࣭ۉઢܗੑମͰ͋ΔͱͷԾఆ͔Βɼס૩ऩॖ
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ͻͣΈςϯιϧ εs ͷס૩ʹΑΔମੵऩॖͻͣΈ εv ͔Βɼ

εsij =
1

3
εvδij (2.6)

ͱ͢ࢉܭΔ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼδij  KroneckerͷσϧλͰ͋Δɽࣜ (2.5b)ʹ͓͍ͯɼס૩ऩॖͻ

ͣΈ εsij ମੵݮগʹ͏ඇੑͻͣΈͰ͋ΔͨΊɼੑͻͣΈ εeij શͻͣΈ εij ͔Βס૩ऩॖͻͣΈ

εsij Λআ͘͜ͱͰಘΒΕΔɽͭ·Γɼ֦ࢄͱมܗɼମੵؚਫ θʹରԠͨ͠ס૩ऩॖͻͣΈ εsij Λ

հͯ͠࿈͞ΕΔɽ

ਤ- 2.1 (c)ʹࣔ͢Α͏ʹɼྖҬΩͷ֎෦ڥք ∂ΩɼNeumannڥք ∂ΩtͱDirichletڥք ∂ΩuʹΑͬ

͞Ε͍ͯΔɽ∂Ωt্ʹτϥΫγϣϯϕΫτϧ͕ɼ∂Ωu্ʹมҐϕΫτϧ͕ͦΕͧΕ༩͑ΒΕߏͯ

͍ͯΔɽඋੑ ∂Ω = ∂Ωt ∪ ∂Ωuͱഉଞੑ ∂Ωt ∩ ∂Ωu = ∅͕ຬ͞ΕΔݶΓʹ͓͍ͯɼ∂Ωt୯࿈݁Ͱ

͋Δඞཁͳ͍ʢ∂Ωuʹ͍ͭͯಉ༷Ͱ͋Δʣɽ·ͨɼُ྾໘ Γ্ͰมҐෆ࿈ଓͱͳΓɼُ྾໘ Γ

ྖҬ෦ͷ traction-freeͳ໘ͱͳΔɽͭ·Γɼُ྾໘ Γ෦ Neumannڥքͱͯ͠ѻΘΕΔɽਤ- 2.1

(c)ʹࣔͨ͠ɼਫ֦ࢄʹ͏มܗʹؔ͢Δڥքɼ

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇.σ = 0 x ∈ Ω \ (∂Ω ∪ Γ) (2.7a)

σ = c : (ε− εs) x ∈ Ω \ (∂Ω ∪ Γ) (2.7b)

ε =
1

2

(
∇u+ (∇u)T

)
x ∈ Ω \ (∂Ω ∪ Γ) (2.7c)

u = ū x on ∂Ωu (2.7d)

σ.n = t̄ x on ∂Ωt (2.7e)

σ.n = 0 x on Γ (2.7f)

ͱఆࣜԽͰ͖Δɽ͜͜Ͱɼū ∂Ωu ্ͰͷมҐڥք݅ɼn֎෦ڥք ∂Ωt ͱُ྾໘ Γͷ୯Ґ๏ઢϕ

Ϋτϧɼ t̄ ∂Ωtʹ༩͑ΒΕͨτϥΫγϣϯϕΫτϧͰ͋Δɽُ྾໘ Γͷܗঢ়ɼڥք (2.7)Λ

దͳഁյن४Λ༻͍ͯղ͘͜ͱͰಘΒΕΔɽ

քڥظʹର͢Δ࿈ͷղΛಘΔͨΊʹɼॳݱ૩ഁյס (2.3)ͱڥք (2.7)͔

ΒΔํఔࣜͷΛɼదͳഁյن४Λ༻͍ͯಉ࣌ʹղ͘ඞཁ͕͋Δɽ

͜͜Ͱɼ֦ࢄɾมܗɾഁյͷ࿈ϞσϧͷߏΛਤ- 2.2ʹࣔ͢ɽ͜ͷߏ͔Βɼมܗաఔͱഁյաఔ

ͷؒʹత͔ͭํͷ࡞༻͕ଘ͍ͯ͠ࡏΔ͜ͱ͕͔Δɽܗ͞Εُͨ྾໘ Γͷܗঢ়ɼُ྾໘
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ਤ–2.2 ɽߏʹର͢Δղੳతͳ࿈Ϟσϧͷݱ૩ഁյס

ʹ͓͚Δ traction-freeͳڥք݅ (2.7f)Λ௨ͯ͡ɼมܗաఔʹؔ͢Δͷมʢu, ε, σʣʹӨڹΛ༩͑

͍ͯΔɽରʹɼُ྾໘ Γͷܗঢ়ɼదͳഁյن४Λ௨ͯ͡ͷมʢu, ε, σʣ͔Βܾఆ͞ΕΔɽ

֤ཧݱؒʹଘ͢ࡏΔଞͷؔੑʢ֦ࢄͱมܗͷؔੑɼഁյͱ֦ࢄͷؔੑʣͰɼํͷ࡞

༻ͳ͘Ұํͷ࡞༻ͷΈ͕ଘ͍ͯ͠ࡏΔɽࣜ (2.4)ʹࣔ͢Α͏ʹɼ֦ࢄաఔס૩ʹΑΔମੵऩॖͻ

ͣΈΛ௨ͯ͡มܗաఔʹӨڹΛ༩͑Δɽ͔͠͠ɼมܗաఔ͕֦ࢄաఔʹରͯ͠༩͑ΔӨڹྀ͠ߟͳ͍ɽ

͜Εɼס૩ऩॖͷͰɼਫݮগʹىҼ͢ΔඇੑͻͣΈʹରͯ͠ෆۉҰͳମੵऩॖͷ݁Ռੜ͡

ΔੑͻͣΈ͕ඇৗʹখ͍ͨ͞ΊͰ͋Δɽ·ͨɼُ྾໘ Γͷܗঢ়ͷӨڹɼُ྾໘͔ΒͷৠൃΛද͢ڥ

ք݅ (2.3e)ʹΑͬͯɼ֦ࢄաఔʹಋೖ͞ΕΔ͕ɼ֦ࢄաఔ͔ΒഁյͷతͳӨڹͳ͍ɽ

มܗաఔͱഁյաఔͷؒʹ૬࡞ޓ༻ʹΑΔҰ؏͕ͨ͠ܨΓ͕ଘ͢ࡏΔͨΊɼ྆ऀΛผʑʹѻ͏͜ͱ

Ͱ͖ͳ͍ɽͭ·Γɼมܗաఔͱഁյաఔڧ࿈ͱͯ͠ѻ͏ඞཁ͕͋ΔɽҰํͰɼ֦ࢄաఔଞ

ͷաఔͱͷؒʹҰํͷ͔ͨ࣋͠༺࡞ͳ͍ͨΊɼมܗ/ഁյաఔͱͷऑ࿈ͱͯ͠ɼมܗ/ഁյաఔ

ͱผʹղ͘͜ͱ͕ՄͰ͋Δɽ
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2.3 ࢄతͳఆࣜԽ

มܗաఔͱഁյաఔผʑʹѻ͏͜ͱ͕Ͱ͖ͣɼڧ࿈ͱͯ͠ѻΘͳ͚ΕͳΒͳ͍ɽ͜ͷڧ࿈

ΛղੳͰѻ͏ʹɼมܗͱഁյͷΛҰ؏ͯ͠ղ͘͜ͱ͕Ͱ͖Δղੳख๏͕ඞཁͱͳ

Δɽͦ͜ͰɼຊڀݚͰɼมܗͱഁյͷͷղੳख๏ͱཻͯ͠ࢠࢄԽ༗ݶཁૉ๏ʢPDS-FEM:

Particle Discretization Scheme Finite Element Methodʣ61–65)Λ༻͍ΔɽPDS-FEMɼ৽ͨͳࣗ༝

ΛՃ͑Δ͜ͱͳ͘มܗମʹൃੜ͢Δُ྾໘ʢi.e., ෆ࿈ଓͳมҐʣΛѻ͏͜ͱ͕Ͱ͖Δख๏Ͱ͋Δɽ

ຊষͰɼס૩ഁյݱʹର͢Δ࿈ͷࢄతͳఆࣜԽΛɼ i) (Խख๏ͷಋೖɼiiࢄࢠཻ PDS-

FEMʹΑΔมܗաఔͱഁյաఔͷࢄతͳఆࣜԽɼiii) PDS-FEMʹ͓͚Δُ྾ϞσϧΛ༻͍֦ͨࢄա

ఔͷࢄతͳఆࣜԽɼiv) Ϟσϧʹ͓͚Δُ྾໘ͷཧతղऍɼʹΑͬͯड़Δɽࢄͷݱ૩ഁյס

2.3.1 Խख๏ͷಋೖࢄࢠཻ

ղੳྖҬ Ω ∈ R3 Λઅͷ {xα|α ∈ N, 1 ≤ α ≤ N}ʹΑͬͯࢄԽ͢Δ߹Λ͑ߟΔɽ͜ͷͱ͖ɼ

ྖࢄҬ Ω̂ڞͳਤܗׂͷΛ༻͍ͯ࣍ͷ 2௨Γͷํ๏Ͱද͢͜ͱ͕Ͱ͖Δɽ

Ω̂ =
N∑

α=1

Φα (2.8)

Ω̂ =
M∑

β=1

Ψβ . (2.9)

͜͜Ͱɼ{Φα|α ∈ N, 1 ≤ α ≤ N}ͱ {Ψβ |β ∈ N, 1 ≤ β ≤ M}ͦΕͧΕɼઅͷ {xα}ʹରԠͨ͠

VoronoiϒϩοΫͷͱDelaunay࢛໘ମͷΛද͢ɽೋݩ࣍ͷ߹ʹ͓͚ΔɼVoronoiׂͱDelaunay

ׂΛਤ- 2.3ʹࣔ͢ɽೋݩ࣍ͷ߹ɼDelaunayׂܗ֯ࡾͱͳΓɼݩ࣍ࡾͷ߹Ͱ࢛໘ମͱͳΔɽ

͜ͷڞͳਤܗׂͷɼͷมͷۭؒతͳࢄԽʹ༻͍ΒΕΔɽ͜͜ͰɼղੳྖҬ Ωͷ֎෦ڥք

∂ΩʹରԠͨ͠ࢄ֎෦ڥքΛɼ∂Ω̂ͱ͓͘ɽ

ͷมͷࢄԽʹ͓͚Δجఈͱͯ͠ɼVoronoiϒϩοΫͱ Delaunay࢛໘ମ্ͰͦΕͧΕఆٛ͞Ε

ΔҎԼͷಛੑؔΛಋೖ͢Δɽ

φα(x) =

⎧
⎨

⎩
1 (x ∈ Φα)

0 (x /∈ Φα)
(2.10)
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(a) (b)

ਤ–2.3 ͷมͷۭؒతͳࢄԽʹ༻͍ΒΕΔڞͳਤܗׂͷʢೋݩ࣍ͷ߹ʣɽ

(a) Voronoiׂ Φαɼ(b) DelaunayׂΨβɽ

ψβ(x) =

⎧
⎨

⎩
1 (x ∈ Ψβ)

0 (x /∈ Ψβ)
(2.11)

͜ΕΒͷجఈΛ༻͍ͯɼมҐͱͻͣΈ͓ΑͼԠྗ

u(x) =
N∑

α=1

uαφα(x) (2.12)

ε(x) =
M∑

β=1

εβψβ(x) (2.13)

σ(x) =
M∑

β=1

σβψβ(x) (2.14)

ͱࢄԽ͞ΕΔɽ·ͨɼੑ c͕Ґஔ xͷؔͰ͋Δ߹ʹɼ

c(x) =
M∑

β=1

cβψβ(x) (2.15)

ͱࢄԽ͞ΕΔɽ
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ࣜ (2.12)ʹ͓͚Δ uα VoronoiϒϩοΫͷʢ༗ݶཁૉ๏Ͱ͍͏ͱ͜ΖͷઅʣʹҐஔ͢Δઅ

xαͷઅมҐͰ͋ΔͨΊɼࢄԽ͞ΕͨมҐʮ߶ମཻࢠͷฒਐӡಈͷʯͱΈͳ͢͜ͱ͕Ͱ͖Δɽ

͜Ε͕ɼ͜ͷࢄԽख๏͕ʮཻࢠࢄԽख๏ʢPDS: particle discretization schemeʣʯͱݺΕΔॴҎ

Ͱ͋ΔɽPDSʹ͓͍ͯɼมҐͷۭؒඍʹؔ͢Δཧྔʢi.e., ͻͣΈͱԠྗʣɼDelaunay࢛໘ମ্

ͰฏۉԽ͞Εɼྫ͑ͻͣΈ

εβ =
N∑

α=1

1

2

(
Bβαuα + (Bβαuα)

T
)

(2.16)

ͱ༩͑ΒΕΔɽ͜͜ͰɼBβα  ∂Φα ∩Ψβ ʹର͢Δ୯Ґ๏ઢϕΫτϧ nα Λ༻͍ͯ

Bβα =
1

Ψβ

∫

Ψβ

∇φαψβdV

=
1

Ψβ

∫

∂Ψβ

nαdS

=
1

Ψβ

∫

∂Φα∩Ψβ

nαdS (2.17)

ͱද͞ΕΔɽࣜ (2.17)தʹ͓͍ͯɼΨεͷൃࢄఆཧͱVoronoiϒϩοΫͷ߶ମมҐͷੑ࣭͔Βɼ∇φα

ͷ Ψβ ্ͰͷମੵΛɼ୯Ґ๏ઢϕΫτϧ nα ͷ ∂Φα ∩Ψβ Ͱͷ໘ੵʹஔ͖͍ͯ͑Δɽ

ࣜ (2.17)ɼ߶ମཻࢠͷฒਐӡಈʹର͢ΔมҐ-ͻͣΈؔͷఆٛͱΈͳ͢͜ͱ͕Ͱ͖ɼࣜ (2.17)த

ͷBβαɼ࢛໘ମҰ࣍ཁૉΛ༻͍ͨ௨ৗͷ༗ݶཁૉ๏ʹ͓͚ΔඍখͻͣΈͰͷBϚτϦΫεʢมҐ-

ͻͣΈϚτϦΫεʣͷͱҰக͢Δɽ௨ৗͷ༗ݶཁૉ๏ʹ͓͚Δجఈؔͱશ͘ҟͳΓɼ͍ޓʹॏ

ͳΓ߹Θͳ͍ෆ࿈ଓͳجఈؔΛ༻͍͍ͯΔʹؔΘΒͣɼBϚτϦΫεͱBϚτϦΫε͔Βߏ͞Ε

Δ߶ੑϚτϦΫεͷ͕௨ৗͷ༗ݶཁૉ๏ͱҰக͢Δ͜ͱ͕ɼ͜ͷཻࢠࢄԽख๏ͷ࠷େͷಛͰ͋

Δɽͭ·ΓɼPDSมܗମʹؔ͢Δͷมʹରཻ͠ࢠϕʔεͷදݱΛ༩͑ͭͭɼมܗମʹର͢Δ

ணͤ͞Δ͜ͱΛՄʹ͢Δख๏Ͱ͋Δɽؼʹཁૉ๏ͱಉ͡࿈ཱํఔࣜݶքΛɼ௨ৗͷ༗ڥ

͜͜ͰɼBβαɼDelaunay࢛໘ମΨβʹ͓͍ͯɼVoronoiϒϩοΫΦαͷฒਐӡಈʹΑΔมҐΪϟο

ϓͷد༩Λ͠߹ΘͤΔ͜ͱͰߏ͞Ε͍ͯΔɽͭ·Γɼࣜ (2.17)ɼDelaunay࢛໘ମʹ͓͚ΔมҐ

Ϊϟοϓͷد༩ͱ͍͏؍͔ΒɼB ϚτϦΫεͷΛׂͨ͠ͷͱΈͳ͢͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏

ͳ BϚτϦΫεͷͷղʹΑΓɼVoronoiϒϩοΫؒͷ૬࡞ޓ༻ͷࣦΛີݫʹධՁ͢Δ͜ͱ͕Մ
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ʹͳΔɽ͜ͷ VoronoiϒϩοΫؒͷ૬࡞ޓ༻ͷࣦʹର͢ΔີݫͳධՁɼDelaunay࢛໘ମʢFEM

ʹ͓͚Δ࢛໘ମཁૉʣͷ෦తͳഁյΛද͢ݱΔࡍʹ༻͍ΒΕΔɽ

2.3.2 PDS-FEMʹΑΔมܗաఔͱഁյաఔͷࢄతͳఆࣜԽ

PDS-FEMͰɼُ྾໘ͷܗՄྖҬ
N⋃

α=1

∂Φα -ఆ͞Ε͍ͯΔɽ͕ͨͬͯ͠ɼਤݶʹ 2.4ʹࣔ͢

ࢄԽ͞Εُͨ྾໘ Γ̂ɼ۠ Γβα = ∂Φα ∩Ψβ ͷʹΑͬͯද͢͜ͱ͕Ͱ͖Δɽ͜͜ͰɼࢄԽ͞Ε

ُͨ྾໘ͷ۠ Γβα = ∂Φα ∩Ψβ ɼDelaunay࢛໘ମΨβ தͷVoronoiϒϩοΫڥք ∂ΦαʹҐஔ͢Δɽ

͜ͷഁյ͞Εͨڥք Γβα ʹରԠ͢Δ Bβα ͷد༩Λ߶ੑϚτϦΫεͱ֎ྗ͔ΒऔΓআ͘͜ͱͰɼُ྾໘

Γβα Λ·͙ͨ VoronoiϒϩοΫؒͷ૬࡞ޓ༻ͷࣦΛද͢ݱΔ͜ͱ͕Ͱ͖Δɽ

มҐ u(x)ʹର͢Δڥք (2.7)ɼҎԼͷมͱՁͰ͋Δɽ

I(u(x)) =

∫

Ω
e(ε)dV +

∫

∂Ωt

t̄.u dS

Minimize I(u(x)) s.t. u(x) = ū(x) on ∂Ωu. (2.18)

͜͜Ͱɼe(ε)ੑͻͣΈ (ε− εs)ʹରԠͨ͠ͻͣΈΤωϧΪʔີͰ͋Δɽ͜ͷͻͣΈΤωϧΪʔີ

ɼס૩ऩॖ͕ੜ͡Δʹ͓͍ͯ

e(ε) =
1

2
(ε− εs) : c : (ε− εs) (2.19)

ͱఆٛ͞ΕΔɽ

ਤ–2.4 PDS-FEMʹ͓͚Δُ྾໘ Γ̂ͷྫɽ
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ࣜ Խ͞Εͨ൚ؔࢄͱͰɼ͜͢ࢪԽʢPDSʣΛࢄࢠཻʹ(2.18) Îɼ

Î =
M∑

β=1

1

2

(
εβ − εsβ

)
: cβ :

(
εβ − εsβ

)
Ψβ −

M∑

β=1

∫

∂Ω̂t∩Ψβ

φα t̄α.uα dS (2.20)

ͱͳΔɽ͜͜ͰɼΨβ  β ൪ͷ Delaunay ໘ମͷମੵΛද͠ɼ্͖ͷ࢛ β ͕͘ม β ൪ͷ

Delaunay࢛໘ମʹ͓͚ΔཧྔΛ͍ࣔͯ͠Δɽ·ͨɼt̄α અʹ༩͑ΒΕͨτϥΫγϣϯͰ͋Δɽͭ

·Γɼࣜ (2.20)ʹࣔ͢Α͏ʹɼ൚ؔ ÎɼฏۉͻͣΈΤωϧΪʔີΛͦΕͧΕͷ Delaunay࢛໘ମ

্Ͱੵ͠ղੳྖҬશମͰ͠߹ΘͤΔ͜ͱʹΑͬͯɼతʹධՁ͞ΕΔɽ

ࣜ (2.20)தͷ൚ؔ ÎɼมҐ-ͻͣΈؔࣜ (2.16)Λ༻͍Δ͜ͱͰɼมҐ uα ͷؔͱͯ͠ද͢͜

ͱ͕Ͱ͖Δɽ൚ؔ ÎͷมҐ uα ʹؔ͢Δఀཹ݅ɼ

∂ Î(uα)

∂uα
= 0 (2.21)

ͱͳΓɼ࠷ऴతʹҎԼͷྗͷͭΓ߹͍ࣜΛಘΔɽ

N∑

γ=1

Kαγuγ = F α. (2.22)

͜͜Ͱɼ߶ੑϚτϦΫεKαγ ͱ֎ྗϕΫτϧ F α ɼ

Kαγ
ik =

M∑

β=1

Kβ
e (2.23)

Kβ
e =

⎧
⎨

⎩
Bβα

j cβijklB
βγ
l Ψβ ∀α,β, γ s.t.

(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
/∈ Γ̂

0 ∀α,β, γ s.t.
(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
∈ Γ̂

(2.24)

F α =
M∑

β=1

fβ
e +

M∑

β=1

∫

∂Ω̂t∩Ψβ

φα t̄αdS (2.25)

fβ
e =

⎧
⎨

⎩
εsβ : (cβBβα)Ψβ ∀α,β s.t. (∂Φα ∩Ψβ) /∈ Γ̂

0 ∀α,β s.t. (∂Φα ∩Ψβ) ∈ Γ̂
(2.26)
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͔Βߏ͞ΕΔϚτϦΫεͱϕΫτϧͰ͋Δɽࣜ (2.23)ͱࣜ (2.24)ʹ͓͍ͯɼϚτϦΫεͱϕΫτϧ

ͷͷ໌֬ͳදݱͷͨΊɼఴࣈදهͱԼ͖จࣈʹର͢Δ૯نΛ༻͍ͨɽ

มܗʹؔ͢Δڥք (2.7)ͷۙࣅղɼ∂Ω̂u্ͷઅxαʹ༩͑ΒΕͨมҐڥք݅uα = ū(xα)

ͷͱɼࢄԽ͞ΕͨྗͷͭΓ߹͍ࣜ (2.22)Λղ͘͜ͱʹΑͬͯಘΒΕΔɽྗͷͭΓ߹͍ࣜ (2.22)ͷӈ

ลͷ֎ྗϕΫτϧ F α ɼס૩ऩॖͻͣΈ εsβ ʹΑΓൃੜ͢Δྗʢࣜ (2.25)ʹ͓͚Δӈลୈ 1߲ʣͱɼ

֎෦Neumannڥքʹ༩͑ΒΕͨઅτϥΫγϣϯ t̄αʢࣜ (2.25)ʹ͓͚Δӈลୈ 2߲ʣʹΑͬͯߏ͞

Ε͍ͯΔɽ͞Βʹɼࣜ (2.25)ӈลୈ 1߲ͷৄࡉͰ͋Δࣜ (2.26)Λੳ͢Δͱɼ͜͜ʹɼۭؒඍΛ

ද͢Bβα ͱס૩ऩॖͻͣΈ εsβ ͷੵؚ͕·Ε͍ͯΔ͜ͱ͕͔Δɽͭ·Γɼס૩ʹ͏ମੵऩॖͷӨ

ɼࣜڹ (2.26)ʹ͓͚Δ β൪ͷཁૉͷס૩ऩॖͻͣΈ εsβ ͷۭؒඍͱͯ͠ɼྗͷͭΓ߹͍ࣜ (2.22)

ʹө͞Ε͍ͯΔɽ

PDSͷΈͰɼVoronoiϒϩοΫؒͷ૬࡞ޓ༻ͷࣦʹΑΓɼཁૉ߶ੑϚτϦΫεͱ֎ྗϕΫτϧ͕

θϩͱͳΔ͕݅બ͞ΕΔɽࣜ (2.24)ʹ͓͚Δཁૉ߶ੑϚτϦΫε͕θϩͱͳΔ݅
(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
∈

Γ̂ɼཁૉ߶ੑϚτϦΫεͷد༩Λʢαͱ γ ʹؔͯ͠ʣରশతʹআ͘͜ͱͰɼُ྾໘ͷӨ͕ڹશମ߶ੑ

ϚτϦΫεKαγ ʹಋೖ͞ΕΔ͜ͱΛҙຯ͍ͯ͠Δɽ·ͨɼࣜ (2.26)ʹ͓͚Δ β൪ͷཁૉͷס૩ऩॖ

ʹΑΔྗϕΫτϧ͕θϩͱͳΔ݅ (∂Φα ∩Ψβ) ∈ Γ̂ɼβ൪ͷཁૉͷס૩ऩॖͻͣΈ εsβ ͷد༩Λ α

൪ͷઅʹಇ͘અྗ͔Βআ͘͜ͱͰɼُ྾໘ͷӨ͕ڹ֎ྗϕΫτϧ F αʹಋೖ͞ΕΔ͜ͱΛҙຯ͠

͍ͯΔɽPDS-FEMʹ͓͍ͯɼ͜ͷΑ͏ͳཁૉ߶ੑϚτϦΫεͱྗϕΫτϧΛθϩͱ͢Δૢ࡞ɼഁյ

͞Εͨڥք Γβα ʹରԠ͢Δ Bβα ΛมԽͤ͞Δ͜ͱʹΑͬͯ͜͏ߦͱ͕Ͱ͖Δɽ۩ମతʹɼࣜ (2.17)

ʹ͓͍ͯɼഁյ͞Εͨ VoronoiϒϩοΫڥք Γβα = ∂Φα ∩Ψβ ʹ͓͚Δ໘ੵͷΛθϩͱ͢Δɽ͜ͷ

քڥΑΓɼഁյ͞Εͨʹ࡞ૢ Γβα = ∂Φα ∩Ψβ ʹ͓͚Δ VoronoiϒϩοΫؒͷมҐΪϟοϓ͕ɼ෦త

ʹഁյ͞Εͨ Delaunay࢛໘ମ Ψβ ʹ͓͚ΔͻͣΈΤωϧΪʔີʹର͠د༩͠ͳ͘ͳΔɽ

·ͨɼ͜ΕΒҰ࿈ͷૢ࡞ʹཧతඳ૾Λ༩͑Δͱɼ߶ੑϚτϦΫεKαγ  Voronoiཻ܈ࢠΛ͙ܨ

ͶఆͱΈͳ͢͜ͱ͕Ͱ͖ɼഁյʹ͏ VoronoiϒϩοΫؒͷ૬࡞ޓ༻ͷࣦ Voronoiཻ܈ࢠΛ͙ܨ

Ͷͷஅͱଊ͑Δ͜ͱ͕Ͱ͖ΔɽຊڀݚͰɼഁյɼVoronoiϒϩοΫڥք Γβα = ∂Φα ∩Ψβ ʹ

ͨΒ͘τϥΫγϣϯʢԠྗʣ͕ࡐྉͷҾுڧΛ͑ͨ͜ىʹࡍΔͷͱ͢Δɽຊڀݚͷղੳʹ͓͚

Δ۩ମతͳτϥΫγϣϯͷํࢉܭ๏ɼA.3ʹࣔ͢ɽ

Ҏ্͕ɼPDS-FEMʹ͓͍ͯɼݻମ࿈ଓମʹ͓͚ΔมܗͱഁյͷͷҰ؏ͨ͠ղੳ͕ՄͱͳΔཧ

༝Ͱ͋Δɽ
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2.3.3 PDS-FEMʹ͓͚Δُ྾ϞσϧΛ༻͍֦ͨࢄաఔͷࢄతͳఆࣜԽ

ಁਫੑͷ͋Δମͷ֦ࢄաఔʹରͯ͠༩͑ΒΕΔॳظڥք (2.3)ʹ͓͍ͯɼղੳྖҬ ΩΛɼ

અͷ {xα}ͱDelaunay࢛໘ମͷ {Ψβ}ʹΑۭͬͯؒతʹࢄԽ͢Δɽ͜͜Ͱɼઅͷ {xα}ͱ

Delaunay࢛໘ମͷ {Ψβ}ͷஔɼมܗͱഁյͷʹର͢Δ PDS-FEMͱಉ༷Ͱ͋Δͱ͢Δɽ

มܗͱഁյͷʹର͢Δ PDS-FEMͰɼُ྾໘ Γਤ- 2.4ʹࣔ͢Α͏ʹɼVoronoiϒϩοΫͷ

ք্Ͱͱͯ͠ఆٛ͞Ε͓ͯΓɼtraction-freeͳُ྾໘ڥ Γ্̂ʹઅ͕ଘ͠ࡏͳ͍ɽͭ·Γɼมܗͱഁ

յͷʹର͢Δ PDS-FEMͰُ྾໘͕ blunt crackͱͯ͠ϞσϧԽ͞Ε͍ͯΔɽਤ- 2.5ʹɼblunt

crack͓Αͼ blunt crackͷڥք໘ Γ′Λࣔ͢ɽBlunt crackͷڥք໘ Γ′෦తʹഁյͨ͠Delaunay࢛

໘ମͱഁյ͍ͯ͠ͳ͍ Delaunay࢛໘ମͱͷڥքͰ͋Δɽ

PDS-FEMʹ͓͚Δ͜ͷُ྾ϞσϧΛ֦ࢄͷʹద༻͢Δͱɼُ྾໘ Γ্Ͱͷਫͷෆ࿈ଓੑ

͓Αͼُ྾໘ Γ͔ΒͷৠൃʹΑΔਫϑϥοΫε v̄Λ༩͑Δ Neumannڥք݅ (2.3e)ɼࣜܗࢄʹ

͓͍ͯɼi) ෦తʹഁյ͞Εͨཁૉʹ͓͚ΔҟํੑΛ֦ͭࢄɼii) ُ྾໘ʹྡ͢Δઅʹ༩͑Β

ΕΔਫϑϥοΫεɼʹΑͬͯද͢ݱΔ͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼʮ෦తʹഁյ͞Εͨཁૉʹ͓͚Δҟํ

ੑΛ֦ͭࢄʯਤ- 2.6 (a)ʹࣔ͢Α͏ʹɼࢄԽ͞Εُͨ྾໘ Γ̂ ʹަ͢ΔํͷਫϑϥοΫ

εΛআ͢ڈΔΑ͏ʹ༩͑ΒΕΔɽ·ͨɼʮُ྾໘ʹྡ͢Δઅʹ༩͑ΒΕΔਫϑϥοΫεʯਤ- 2.6

(b)ʹࣔ͢Α͏ʹɼ෦తʹഁյͨ͠Delaunay࢛໘ମͱഁյ͍ͯ͠ͳ͍Delaunay࢛໘ମͱͷڥքʢΓ′ʣ

্ʹҐஔ͢Δઅʹ༩͑ΒΕͨৠൃʹΑΔਫϑϥοΫε v̄Ͱ͋Δɽ

ਤ–2.5 มܗମʹ͓͚Δมܗͱഁյͷʹର͢Δ PDS-FEMͷُ྾Ϟσϧɽ؆୯ͷͨΊʹ

ೋݩ࣍ͷ߹ʹ͓͚Δُ྾ϞσϧΛࣔ͢ɽփ৭ͷΤϦΞ͕ blunt crackΛද͠ɼ੨ઢ͕

blunt crackͷڥք໘ Γ′Λද͢ɽ
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(a)

(b)

ਤ–2.6 ෦తʹഁյͨ͠ಁਫੑମͷ֦ࢄͷʹର͢Δُ྾Ϟσϧɽ

(a) ࢄԽ͞Εُͨ྾໘ Γ̂ ʹަ͢ΔํͷਫϑϥοΫεͷআڈɼ (b) Γ′্ʹҐஔ

͢Δઅʹ༩͑ΒΕͨৠൃʹΑΔਫϑϥοΫε v̄ɽ

ࢄԽ͞Εُͨ྾໘ Γ̂ʹަ͢ΔํͷਫϑϥοΫεΛআ͢ڈΔΑ͏ͳ֦ࢄɼҎԼͷΑ͏ʹ

ఆٛ͞ΕΔɽ

ਤ- 2.7ʹࣔ͢ਖ਼نަ࠲ඪܥ {ei}্ͰͷμϧγʔଇΛਫྔදهͰهड़͢Δͱ

J = −D∇θ (2.27)

ͱͳΔɽ͜͜ͰɼJ  {ei}࠲ඪ্ܥͰͷਫϑϥοΫεϕΫτϧͰ͋ΔɽࢄԽ͞Εُͨ྾໘ Γ̂ʹର͠

e′3͕ަ͢ΔΑ͏ͳਖ਼نަ࠲ඪܥ {e′i}Λಋೖ͢ΔɽJ ͷɼࢄԽ͞Εُͨ྾໘ Γ̂ͷࣹӨʢJcͱ͓

͘ʣɼ{ei}࠲ඪ্ܥͰ

Jc = T TPTJ (2.28)
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crack surface 
(No flux)

ਤ–2.7 ࢄԽ͞Εُͨ྾໘ Γ̂ʹର͠ e′3͕ަ͢Δਖ਼نަ࠲ඪܥɽ

ͱද͞ΕΔɽ͜͜ͰɼT ఴࣈදهͰ

Tij = e′i · ej (2.29)

ͱද͞ΕΔ࠲ඪมྻߦͰ͋Δɽ·ͨɼP  Γ̂ʹަ͢ΔਫϑϥοΫεΛআͨ͘ΊͷࣹӨྻߦͰ͋Γɼ

ͦͷɼ

Pij =

⎧
⎨

⎩
1 if i = j = 1, 2

0 otherwise
(2.30)

ͱͳΔɽ෦తʹഁյͨ͠ཁૉʹ͓͍ͯɼJ Λ Jcʹஔ͖͑Δ͜ͱɼ֦ࢄDΛʢࢄԽ͞Ε

ُͨ྾໘ Γ̂Λ௨ա͢ΔྲྀΕΛআ͘Α͏ͳʣҟํੑΛͬͨཁૉ֦ࢄϚτϦΫε (T TPT )Dʹஔ͖

Δ͜ͱͱಉٛͰ͋Δɽ͑

Ҏ্ͷُ྾໘ͷऔΓѻ͍Λ౿·͑ɼ֦ࢄͷʹؔ͢Δॳظڥք (2.3)Λɼઅͷ {xα}ͱ

Delaunay࢛໘ମͷ {Ψβ}ʹΑۭͬͯؒతʹࢄԽ͠ɼࢄԽ͞Εُͨ྾໘ Γ̂ʹަ͢ΔྲྀΕΛআ͘

ͨΊͷҟํੑΛ֦ͬͨࢄΛɼ෦తʹഁյ͞Ε࢛ͨ໘ମཁૉʹಋೖ͢Δɽ͜ΕʹΑΓɼॳظڥ

ք (2.3)ͷࣜܗࢄɼ࢛໘ମҰ࣍ཁૉʹ͓͚Δܗঢ়ؔNβαΛ༻͍ͯҎԼͷΑ͏ʹද͢͜ͱ͕

Ͱ͖Δɽ
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⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

N∑

γ=1

(
Mαγ θ̇γ +Aαγθγ

)
= −

N∑

γ=1

(W αγw̄γ + V αγ v̄γ) (2.31a)

θα(0) = θ0(x
α) (2.31b)

θα(t) = θ̄(xα, t) xα on ∂Ω̂θ. (2.31c)

͜͜Ͱɼw̄α(t) = w̄(xα, t)ɼv̄α(t) = v̄(xα, t)Ͱ͋Γɼ֤ϚτϦΫεҎԼͷΑ͏ʹߏ͞ΕΔɽ

Mαγ =
M∑

β=1

∫

Ψβ

(Nβα)
T
Nβγ dV (2.32)

Aαγ =
M∑

β=1

Aβ
e (2.33)

Aβ
e =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Dβ

∫

Ψβ

(∇Nβα)
T∇Nβγ dV ∀α,β, γ s.t.

(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
/∈ Γ̂

Dβ

∫

Ψβ

(∇Nβα)
T
(T TPT )

β∇Nβγ dV ∀α,β, γ s.t.
(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
∈ Γ̂

(2.34)

W αγ =
M∑

β=1

∫

∂Ω̂w∩Ψβ

(Nβα)
T
Nβγ dS (2.35)

V αγ =
M∑

β=1

∫

Γ′∩Ψβ

(Nβα)
T
Nβγ dS. (2.36)

͜ΕΛղ͘͜ͱʹΑͬͯɼ֤અʹ͓͚Δମੵؚਫ θα(t) = θ(xα, t)ͷൃؒ࣌లΛಘΔ͜ͱ͕Ͱ͖Δɽ

ॳظڥք (2.31)Λղ͘͜ͱͰಘΒΕΔઅͰͷମੵؚਫ θα(t)ͷมԽ͔Βɼβ ൪ͷ De-

launay࢛໘ମͷס૩ʹΑΔମੵऩॖͻͣΈ εvβ 

εvβ =
1

Ψβ

∫

Ψβ

N∑

α=1

Nβα(x)

{
1

λ

ρw
ρd

(θα(t)− θα(0))

}
dV

=
N∑

α=1

Nβα(x̄β)

{
1

λ

ρw
ρd

(θα(t)− θα(0))

}
(2.37)

ͱධՁ͞ΕΔɽ͜͜Ͱɼx̄β ɼβ൪ͷDelaunay࢛໘ମͷॏ৺࠲ඪͰ͋Δɽ͕ͨͬͯ͠ɼࣜ (2.25)த
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ΕΔݱʹ β ൪ͷ Delaunay࢛໘ମͷס૩ऩॖͻͣΈ εsβ ͷ۩ମܗ

εsβij =
1

3
εvβδij (2.38)

ͱͳΔɽ

2.3.4 Ϟσϧʹ͓͚Δُ྾໘ͷཧతղऍࢄͷݱ૩ഁյס

!"##$%"&' !(#&)*+,"&'

-)+.,$)(

!"#$%&"'($")%'")*+(

)+(%'",-(*.(

ਤ–2.8 ɽߏϞσϧͷࢄʹର͢Δݱ૩ഁյס

-ΛਤߏϞσϧͷࢄͷݱ૩ഁյס 2.8ʹࣔ͢ɽ֦͓ࢄΑͼมܗͷʹؔ͢ΔղੳతͳఆࣜԽͰ

ɼُ྾໘ Γ෦ Neumannڥքͱͯ͠ѻΘΕɼُ྾໘ Γ্Ͱෆ࿈ଓͱͳ͍ͬͯͨɽ

ҰํͰɼ෦ʹُ྾໘ ΓΛؚΉྖҬશମΛۭؒతʹࢄԽͨ͠߹ɼُ྾໘ Γͱ͍͏ෆ࿈ଓ໘্ʹ༩

͑ΒΕͨ Neumannڥք݅Λද͢ݱΔͨΊʹɼʮُ྾໘্Ͱͷෆ࿈ଓੑͷදݱʯͱʮُ྾໘্ʹ༩͑

ΒΕͨ Neumannڥք݅ͷಋೖʯͱ͍͏ 2ͭͷૢ͕࡞ඞཁͱͳΔɽࢄʹ͓͍ͯɼ෦ Neumann

քʢُ྾໘ڥ Γʣ۠ ΓβαͷͰද͞ΕΔ Γ̂ͱͯ͠ϞσϧԽ͞ΕΔɽʮُ྾໘্Ͱͷෆ࿈ଓੑʯɼ֦

Խ͞Εُͨ྾໘ࢄͷͰɼࢄ Γ̂Λ·͙ͨਫϑϥοΫε͕ͳ͘ͳΔͱ͍͏ಁਫੑͷࣦʹͭͳ͕

ΓɼมܗͷͰɼࢄԽ͞Εُͨ྾໘ Γ̂Λ·͙ͨ VoronoiϒϩοΫؒͷ૬࡞ޓ༻͕ͳ͘ͳΔͱ͍͏

ྗֶత૬࡞ޓ༻ͷࣦʹͭͳ͕Δɽ͜ͷಁਫੑͷࣦͱྗֶత૬࡞ޓ༻ͷࣦɼͦΕͧΕɼ෦తʹ
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ഁյͨ͠ཁૉͷཁૉ֦ࢄϚτϦΫεͷมԽ

Dβ(T TPT )
β ∀α,β, γ s.t.

(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
∈ Γ̂

ͱɼ෦తʹഁյͨ͠ཁૉͷཁૉ߶ੑϚτϦΫεͷมԽ

Kβ
e = 0 ∀α,β, γ s.t.

(
(∂Φα ∪ ∂Φγ) ∩Ψβ

)
∈ Γ̂

ʹΑͬͯද͞ΕΔɽ·ͨɼࢄͰɼُ྾໘ Γُ̂྾໘্ʹઅ͕ଘ͠ࡏͳ͍ blunt crackͱͯ͠Ϟ

σϧԽ͞Ε͍ͯΔ͜ͱ͔Βɼʮُ྾໘্ʹ༩͑ΒΕͨ Neumannڥք݅ʯɼُ྾໘ Γ͔̂Βཁૉͣ

Εͨ Γ′ʢ෦తʹഁյͨ͠ Delaunay࢛໘ମͱഁյ͍ͯ͠ͳ͍ Delaunay࢛໘ମͱͷڥքʣ্ʹҐஔ͢

Δઅʹ༩͑ΒΕΔɽُ྾໘্ʹ༩͑ΒΕͨ Neumannڥք݅ɼ֦ࢄͷͰُ྾໘͔Βͷৠൃ

ʹΑΔਫϑϥοΫε v̄Λද͠ɼมܗͷͰʢຊจͰѻΘͳ͍͕ʣຎྗࡲͳͲΛද͢ɽ

ਤ- 2.8ʹࣔ͢Α͏ʹɼ֦ࢄͷͱมܗͷ͕ѻ͏ҟͳΔʢ֦ࢄͷεΧϥʔɼมܗͷ

ϕΫτϧʣʹؔΘΒͣɼͲͪΒͷʹُ͓͍ͯ྾໘্Ͱͷෆ࿈ଓੑϚτϦΫεͷมԽ

ʹΑͬͯද͞Εɼُ྾໘্ʹ༩͑ΒΕͨNeumannڥքُ݅྾໘ Γ͔̂ΒཁૉͣΕͨ Γ′্ͷઅ

ʹ༩͑ΒΕΔɽͭ·Γɼ֦ࢄͷͱมܗͷʹ͓͚Δُ྾໘ͷཧతͳऔѻ͍ʹɼҰ؏ੑɾ߹

ੑ͕͋Δͱ͍͑Δɽ
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ୈ3ষ ղੳख๏

!"##$%"&' !(#&)*+,"&'
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!"#$%&'($)*+,%&'-%-+./,/

012!34567

456'-%-+./,/

89-:'($)*+,%&'-%-+./,/

ਤ–3.1 ղੳख๏ͷΓ͚ɽ

2.2અͰड़ͨΑ͏ʹɼਤ- 2.2ʹࣔ͢࿈Ϟσϧͷߏʹ͓͍ͯɼత͔ͭํͷ࡞༻͕ଘ͢ࡏ

Δมܗաఔͱഁյաఔڧ࿈ղੳΛ͏ߦඞཁ͕͋Δ͕ɼଞͷաఔͱͷؒʹҰํͷ࡞༻͔͠ͳ͍֦ࢄ

աఔɼมܗ/ഁյաఔͱผʹղ͘͜ͱ͕Ͱ͖ΔɽຊڀݚͰɼ֦ࢄաఔ࢛໘ମҰ࣍ཁૉΛ༻͍ͨ௨

ৗͷ༗ݶཁૉ๏ʹΑͬͯղ͖ɼมܗ/ഁյաఔ PDS-FEMʹΑͬͯղ͘ɽ֦ࢄͷ༗ݶཁૉղੳͱมܗ/

ഁյͷ PDS-FEMղੳΛऑ࿈ͤ͞Δ͜ͱͰɼ֦ࢄɾมܗɾഁյͷ࿈ղੳΛ͏ߦʢਤ- 3.1ʣɽס૩ഁ

յݱʹ͓͚Δਫ֦ࢄͱഁյؒ࣌ʹ͍ޓεέʔϧ͕େ͖͘ҟͳΔཧݱͰ͋Δ͜ͱ͔Βɼ྆ա

ఔΛີݫʹ࿈ཱͯ͠ղ͘ඞཁͳ͘ɼྗͷൃੜਫҠಈͱ͍ͬͨཧྖҬʹ͍ͭͯ࿈ཱ͠ͳ͕Β࣌

ؒྖҬʹ͍ͭͯަࢉܭʹޓΛ͏ߦऑ࿈ղੳ͕ଥͰ͋Δ͜ͱ͕͔Δɽ

͜ͷͱ͖ɼ֦ࢄͷ༗ݶཁૉղੳͱมܗ/ഁյͷ PDS-FEMղੳͰಉ࢛͡໘ମϝογϡΛ༻͍Δɽͭ
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·Γɼ༗ݶཁૉղੳͷ࢛໘ମཁૉͱɼPDS-FEMղੳʹ͓͚Δ Delaunay࢛໘ମͷܗঢ়ͱஔҰக͠

͍ͯΔɽ

ղੳରಁਫੑͷ͋Δํ࣭ۉઢܗੑମͰ͋ΔͱԾఆ͠ɼਫͱԠྗͷൃؒ࣌లΛɼ࣌

ؒεςοϓ∆t =0.1 hͰͨ͠ࢉܭɽͨͩ͠ɼُ྾ൃੜޙɼُ྾ઌͰͷԠྗ͕େ͖͘มԽ͢ΔͨΊɼશ

ཁૉத࠷େͷτϥΫγϣϯ͕Ҿுڧͷ 97%Ҏ্ͷ߹ʹɼ࣍ͷؒ࣌εςοϓΛ∆t =0.01 hͱখ͞

ͨ͘͠ɽ֤ཁૉʹ͓͚ΔτϥΫγϣϯͷ۩ମతͳํࢉܭ๏͓Αͼഁյͷఆํ๏ɼA.2ͱ A.3ʹࣔ͢ɽ

ਫҠಈΛද͢ॳظڥք (2.31)ͷൃؒ࣌లͷղ๏ʹશӄղ๏ʢޙୀ Euler๏ʣΛ༻͍ͨɽ

มܗͱഁյͷʹର͢Δ PDS-FEMʹΑΔڧ࿈ղੳͰɼ֤ؒ࣌εςοϓͷதͰɼؒ࣌εςοϓΛ

ఆ͠ͳ͕Βݻ 1ͭͣͭཁૉΛഁյ͠ɼͦͷɼ੩తͭΓ߹͍ঢ়ଶΛ֬อ͢Δɼ४੩తഁյਐలղੳΛ

తͳُ྾ਐలͷܕͷయࡍͷݧεςοϓʹਐΉɽ࣮ؒ࣌ͷ࣍ɽഁյ݅Λຬͨ͢ཁૉ͕ແ͘ͳΕͨͬߦ

ฏۉ͔͔ͨͩ 1[cm/h]ఔͰ͋Γɼ४੩తͳഁյਐలղੳͷద༻ଥͰ͋Δͱ͍͑Δɽ·ͨɼ

͍ͣΕͷղੳʹ͓͍ͯɼڥք໘ ∂Ωw ͓Αͼُ྾໘ Γ͔ΒͷৠൃʹΑΔਫϑϥοΫε w̄ͱ v̄ମੵ

ؚਫ θʹґΒͣҰఆͱͨ͠ɽ͞Βʹɼղੳͷ։࣌࢝Ͱݧࢼମશମ͍ͯ͠Δͱ͠ɼॳظମੵؚ

ਫͷղੳྖҬͰҰ༷ͱͨ͠ɽ

ਤ- 3.2 ʹղੳͷϑϩʔνϟʔτΛࣔ͢ɽ
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ਤ–3.2 ղੳͷϑϩʔνϟʔτɽ
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ୈ4ষ ฏُߦ྾ύλʔϯͷݱ࠶

4.1 ղੳ݅

Peron et al. (2009b)20) Nahlawi and Kodikara (2006)16)ɼബ͘ࡉ͍ܗঢ়ͷਫʖγϧτࠞ߹

ʹಛఆͷڥք݅Λ༩͑ͯס૩ͤ͞Δͱɼݧࢼମ্໘ͰҰݩ࣍తͳฏُߦ྾ύλʔϯ͕͞؍ΕΔ͜ͱ

Λࣔͨ͠ɽ͜ͷͱ͖ɼશͯͷُ྾ݧࢼମͷลʹରͯ͠ਨͳ͖ʹਐల͢ΔͱͱʹɼԖͳُ྾

໘Λܗ͢Δɽ·ͨɼݧࢼମ্໘ʹ͓͍ͯɼُ྾͓ΑͼݧࢼମͷڥքʹΑͬͯғ·ΕͨํྖܗҬΛʮס

૩ُ྾ʹΑͬͯܗ͞ΕΔଟ֯ܗηϧʯͱΈͳ͢ͱɼ৽ͨͳُ྾ܗʹط͞Ε͍ͯΔηϧΛׂ͢Δ

Α͏ʹൃੜ͢Δɽͭ·Γɼُ྾ύλʔϯҰʹܗ͞Εͣɼηϧͷ֊తͳׂաఔʹΑͬͯܗ

͞ΕΔɽ

Peron et al.(2009b)20)ͷ࣮ݧͰݧࢼͨ͠ܗମΛج൫্ʹஔ͘ͷΈͰɼଆ໘ғΘΕ͍ͯͳ͍ɽ·ͨɼ

ଋ͍ͯ͠ΔɽҰํɼNahlawi߆ͷऩॖͷΈΈΛೖΕΔ͜ͱͰఈ໘ͷลํࠐ൫ʹΓج and Kodikara

(2006)16) ͷ࣮ݧͰࡉ͍༰ثʹਫ-γϧτࠞ߹ΛೖΕɼఈ໘༰ثͱݧࢼମͷ༊ணʹΑΓɼลํ

ଋΛऑ͍ͯ͘͠ΔɽͲ߆Β͔ʹ͢Δ͜ͱͰଋ͍ͯ͠Δ͕ɼଆ໘ʹ͍ͭͯ߆ऩॖΛʹڞɼลํ

ͪΒͷ࣮ݧʹ͓͍ͯɼُ྾ύλʔϯͷಛҰக͢Δ͕ɼຊڀݚͰ Peron et al. (2009b)20)ͷס૩

-ਤ͖ͮجʹݧ࣮ 4.1ͷΑ͏ʹղੳྖҬ Ωͷܗঢ়ͱڥք݅Λઃఆͨ͠ɽ۩ମతʹɼ

ఈ໘ʹ͋Δઅ zํͱ xํͷมҐͷΈ߆ଋ

ଆ໘ʹ͋ΔઅͷมҐ߆ଋ͠ͳ͍

্໘ͱଆ໘͔Βৠൃ͕͜ىΔʢُ྾ൃੜޙُ྾໘͔Βৠൃ͢Δʣ

ͱͳΔɽ

͜͜Ͱɼݧࢼମͷఈ໘Λ ∂Ω(1)ɼଆ໘ͱ্໘Λ ∂Ω(2)ͱ͢Δͱɼඋੑ ∂Ω = ∂Ω(1) ∪ ∂Ω(2)ͱഉଞੑ

∂Ω(1) ∩ ∂Ω(2) = ∅͕Γཱͭɽ͜ͷͱ͖ɼ֦ࢄʹؔ͢Δॳظڥք (2.3)ʹ͓͚ΔDirichletڥք
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∂Ωθ ͱ Neumannڥք ∂Ωw ʹɼ∂Ωw = ∂Ω(1) ∪ ∂Ω(2) ͱ ∂Ωθ = ∅͕Γཱͪɼมܗʹؔ͢Δڥք

 (2.7)ʹ͓͚Δ Dirichletڥք ∂Ωu ͱ Neumannڥք ∂Ωt ʹɼ∂Ωu = ∂Ω(1) ͱ ∂Ωt = ∂Ω(2) ͕

Γཱͭɽx = (0, 0, 0)ͷΛ Oͱ͢ΔͱɼPeron et al. (2009b)20) ʹΑΔס૩ഁյ࣮ݧʹ͓͚Δُ྾ύ

λʔϯɼҎԼʹ֦ࣔ͢ࢄʹؔ͢Δॳظڥք (4.1)ͱมܗʹؔ͢Δڥք (4.2)ͷ࿈

Λղ͘͜ͱʹΑͬͯಘΒΕΔɽ

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ̇ = D∇2θ x ∈ Ω \ (∂Ω ∪ Γ) (4.1a)

θ(x, 0) = θ0(x) x ∈ Ω \ (∂Ω ∪ Γ) (4.1b)

D
∂θ

∂n
= 0 x on ∂Ω(1) (4.1c)

D
∂θ

∂n
= −w̄(x, t) x on ∂Ω(2) (4.1d)

D
∂θ

∂n
= −v̄(x, t) x on Γ (4.1e)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇.σ = 0 x ∈ Ω \ (∂Ω ∪ Γ) (4.2a)

σ = c : (ε− εs) x ∈ Ω \ (∂Ω ∪ Γ) (4.2b)

ε =
1

2

(
∇u+ (∇u)T

)
x ∈ Ω \ (∂Ω ∪ Γ) (4.2c)

u = ū x on ∂Ω(1) \O (4.2d)

u = 0 x on O (4.2e)

σ.n = 0 x on (∂Ω(2) ∪ Γ) (4.2f)

͜͜ͰɼมҐڥք݅ ūɼu1 = u3 = 0Ͱ͋Δɽ

·ͨɼղੳʹ༻͍Δύϥϝʔλ Peron et al. (2009b)20)ͷ࣮ݧΛߟࢀʹɼද- 4.1ͷΑ͏ʹܾఆ͠

ͨɽُ྾ͷ։ޱ෯খ͍ͨ͞Ίɼُ྾໘͔Βͷৠൃݧࢼମͱ֎ؾͷڥք໘͔Βͷৠൃʹൺ͍

ͱ͑ߟΒΕΔ͜ͱ͔Βɼُ྾໘͔Βͷৠൃڥք໘͔Βͷৠൃͷ 50%ͱͨ͠ɽҎ্ͷύϥϝʔ

λઃఆʹՃ͑ɼਤ- 4.1ͷղੳϞσϧʹ͍ͭͯɼཁૉ 56,597ɼઅ 11,822ͷ࢛໘ମඇߏϝογϡ

ʹΑΔ༗ݶཁૉϞσϧΛ࡞͠ 67–69)ɼղੳΛͨͬߦɽ
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ද–4.1 ฏُߦ྾ύλʔϯͷղੳʹ͓͚Δύϥϝʔλ

คମס૩ີ ρd 2.77× 103 kg/m3

ਫີ ρw 1.0× 103 kg/m3

ॳظମੵؚਫ θ0 0.721

ُ྾ਐలऴྃ࣌ମੵؚਫ θfin 0.324

ք໘ͷৠൃڥ w̄ 2.0× 10−4m/h

ُ྾໘ͷৠൃ v̄ 1.0× 10−4m/h

ਫऩॖ λ 0.64

ਫ֦ࢄ D 3.6× 10−6m2/h

ϙΞιϯൺ ν 0.3

Ϡϯά E 5.0MPa

Ҿுڧ tc 0.45MPa

!"#$%&#'(%)

ਤ–4.1 ฏُߦ྾ύλʔϯͷղੳʹ͓͚ΔղੳϞσϧͱڥք݅ɽ
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4.2 ղੳ݁Ռ

ഁյৠൃ։ޙ࢝ 15.37 hͰൃੜ͠ɼ25.13 hʹُ྾ਐలऴྃ࣌ͷମੵؚਫͱͳͬͨɽ0.01 hʢશ

ཁૉத࠷େͷτϥΫγϣϯ͕Ҿுڧͷ 97%ΑΓখ͍͞߹ʹ 0.1 hʣ͝ͱͷฏۉମੵؚਫ θavgͷ

มԽΛਤ- 4.2ʹɼ࠷ऴతͳُ྾ύλʔϯͷݩ࣍ࡾతͳ༷ࢠΛਤ- 4.3ʹɼ্໘ͷ࠷ऴతͳُ྾ύλʔϯ

Λਤ- 4.4ʹͦΕͧΕࣔ͢ɽਤ- 4.2ͷΑ͏ʹס૩։͔࣌࢝Βُ྾ਐలऴྃ࣌ͷମੵؚਫʹͳΔ·Ͱͷ

ؒɼฏۉମੵؚਫ΄΅Ұఆͷׂ߹Ͱݮগͨ͠ɽਤ- 4.3͓Αͼਤ- 4.4͔Βɼ࣮݁ݧՌͱಉ༷ɼล

ମఈ໘·Ͱ౸ୡ͢Δ͜ͱͰɼԖͳُ྾໘Λݧࢼͳُ྾͕ෳൃੜ͠ɼُ྾ߦฏʹ͍ޓਨͰʹํ

͍ͯ͠Δ͜ͱ͕͔Δɽܗ

Peron et al. (2009b)20) Nahlawi and Kodikara (2006)16)ُ྾ύλʔϯͷఆྔతͳධՁࢦඪͱ͠

ُͯ྾ຊ͓Αͼُ྾ִؒΛ༻͍͍ͯΔɽ͜ͷࢦඪʹ͖ͮجɼຊڀݚͷղੳ݁ՌͷূݕΛͨͬߦͱ͜Ζɼ

ਤ- 4.4ʹࣔ͢ղੳ݁ՌͰɼُ྾ຊʢลͷҎ্ͷ͞·Ͱਐల͍ͯ͠Δُ྾ͷຊʣ 8ຊͰ

͋ΓɼಘΒΕͨ ͷִؒ࢜ͷُ྾ಉݸ9 15mm͔Β 55mmͰ͋ͬͨɽҰํɼPeron et al. (2009b)20)

ͷ࣮ݧͰ͞؍Εͨ ମʹ͓͚Δُ྾ຊݧࢼͷݸ17 6ຊ͔Β 8ຊͰ͋Δɽ·ͨɼُ྾ಉ࢜ͷִؒ

0mm͔Β 90mmͰ͋Γɼଟ͘ 20mm͔Β 60mmͷؒʹ͍ͯ͠Δ 20)ɽ͕ͨͬͯ͠ɼਤ- 4.4ʹ

ࣔ͢ղੳ݁Ռͷُ྾ຊͱُ྾ִؒɼPeron et al. (2009b)20) ͷ࣮݁ݧՌͷൣғʹ͋ΔͨΊɼղੳ

݁ՌଥͰ͋Δͱ͍͑Δɽ

·ͨɼ্໘ͷُ྾ਐలͷ༷ࢠΛਤ- 4.5ʹɼ্໘ʹُ྾͕ൃੜ͢ΔҎલʹ͞؍ΕΔُ྾܈Λਤ- 4.6

ʹͦΕͧΕࣔ͢ɽਤ- 4.5ͰɼॳΊʹ͍͔ͭ͘ͷُ྾ʹΑͬͯେ͖ͳηϧ͕ܗ͞Εͨ͋ͱɼղੳϞσ

ϧͷଆ໘্ʢล্ʣͰُ྾ಉ࢜ͷִؒͷத৺ۙʹ͋ͨΔҐஔ͔Β৽ͨͳُ྾͕ൃੜ͠ɼηϧΛ֊

తʹׂ͍ͯ͠Δ͜ͱ͕͔Δɽ͞Βʹɼਤ- 4.6ʹࣔ͢Α͏ʹɼղੳϞσϧͷ্໘ʹُ྾͕ൃੜ͢ΔҎ

લʹɼղੳϞσϧఈ໘ʢz = 0mmʣͷ྆ʢx = 0mm, 300mmʣۙͰɼີूُͨ͠྾܈ͷൃੜ͕؍

ͷൃੜɼPeron܈ΕΔɽ͜ͷُ྾͞ et al. (2009b)20) ʹΑΔ࣮ݧͰࢦఠ͞Ε͓ͯΓɼݧࢼମఈ໘

ͷ֯ͷج൫͔Βͷണʹͭͳ͕Δɽ

ղੳͰಘΒΕُͨ྾ͷزԿܗঢ়ͷಛɼҎ্ʹࣔ͢Α͏ʹɼُ྾ͷຊɼُ྾໘ಉ࢜ͷִؒɼηϧ

ͷ֊తͳׂաఔɼݧࢼମఈ໘ͷ྆ۙʹີूͯ͠ݱΕΔُ྾܈·ͰɼPeron et al. (2009b)20) ʹ

ΑΔ࣮ݧͰ͞؍ΕͨݱʹҰக͍ͯ͠Δͱ͍͑Δɽ

͞Βʹɼ࠷ऴతͳُ྾ύλʔϯʹ࣌ͨͬࢸͰͷɼղੳϞσϧͷਫฏ໘ʹ͓͚Δ૬Ԡྗίϯλʔਤ

͓ΑͼମੵؚਫΛɼͦΕͧΕਤ- 4.7ͱਤ- 4.8ʹࣔ͢ɽ͜͜ͰɼղੳྖҬ Ωʹ͓͍ͯɼྖҬڥ
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ք ∂Ωͱُ྾໘ ΓʹΑͬͯғ·ΕͨྖҬΛ Ωf ͱ͢Δɽ͜ͷͰɼΩf ղੳϞσϧͷ্໘ɼఈ໘ɼ

ଆ໘·ͨԖͳُ྾໘ʹғ·Εͨํମঢ়ͷྖҬͱͳΔɽৠൃʹ͍ɼΩf ͷମੵશํͰऩॖ͢

Δ͕ɼఈ໘ͷ xํͷมҐ͕߆ଋ͞Ε͍ͯΔͨΊɼΩf ʹ xํͷҾுԠྗ͕ൃੜ͢Δɽਤ- 4.7ʹ

ࣔ͢૬Ԡྗͷ͔ΒɼΩf ʹҾுԠྗ͕ൃੜ͍ͯ͠Δ͜ͱ͕͔Δɽ

·ͨɼਤ- 4.8ʹࣔ͢Α͏ʹɼُ྾໘Λ·͙ͨਫϑϥοΫε͕ଘͣͤࡏɼُ྾໘͕৽ͨͳৠൃ໘ͱͳ

ΔͨΊɼͲͷਫฏஅ໘ʹ͓͍ͯηϧʢΩf ͷਫฏஅ໘ʣͷத৺ۙͰؚਫྔ͕͘ߴͳΓɼηϧͷڥք

ۙͰؚਫྔ͕Լ͢Δɽͭ·ΓɼͲͷਫฏஅ໘ʢxy-ฏ໘ʣʹ͓͍ͯɼମੵؚਫಉ৺ԁঢ়ͷ

Λࣔ͢ɽ͜ͷΑ͏ͳಉ৺ԁঢ়ͷମੵؚਫͷʹΑͬͯɼ֤ηϧͰͷऩॖηϧͷڥքۙͰେ

͖͘ɼத৺ۙখ͘͞ͳΔɽͦͷ݁Ռɼऩॖ͕େ͖͍ڥքۙͰɼಉ৺ԁঢ়ͷͷԁपํʹҾ

ுԠྗ͕ൃੜ͠ɼηϧͷڥք͔Βத৺ʹ͔ͯͬ৽ͨͳُ྾͕ਐల͢Δͱ͑ߟΒΕΔɽ࣮ࡍɼਤ- 4.7ʹ

ࣔ͢૬Ԡྗͷʹ͓͍ͯɼղੳϞσϧͷଆ໘ۙͷԠྗͷํ͕ɼηϧͷத৺ۙΑΓ͘ߴͳͬͯ

͍Δ͜ͱ͕͔Δɽ

Ҏ্ΑΓɼPeron et al. (2009b)20) ͷ࣮ݧͰ͞؍Εͨɼ

ͷִؒͷத৺ۙʹ͋ͨΔҐஔ͔Βͷُ྾ͷൃੜ࢜ମଆ໘্ʢล্ʣͰُ྾ಉݧࢼ

ηϧͷ֊తͳׂ

ʹΑΔُ྾ύλʔϯܗͷϝΧχζϜɼఈ໘ͷ xํͷมҐ͓Αͼಉ৺ԁঢ়ͷෆۉҰͳਫʹ

Αͬͯઆ໌Ͱ͖Δͱ͍͑Δɽ

͜ͷϝΧχζϜʹؔ͢Δ۩ମతߟɼୈ 6ষʹࣔ͢ɽ
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ਤ–4.2 ฏُߦ྾ύλʔϯͷղੳʹ͓͚ΔฏۉମੵؚਫͷมԽɽ(i)ݧࢼମද໘ͷਫ

͕ͳ͘ͳͬͨ࣌ɼ(ii) ُ྾ൃੜ࣌ɼ(iii) ُ྾ਐలऴྃ࣌ɽ
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ਤ–4.3 ฏُߦ྾ύλʔϯͷղੳʹ͓͍ͯ࠷ऴతʹܗ͞Εُͨ྾ͷݩ࣍ࡾతͳ༷ࢠɽ

300mm

50mm

ਤ–4.4 ฏُߦ྾ύλʔϯͷղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ͞Εͨ࠷ऴతͳُ྾ύ

λʔϯɽ
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ਤ–4.5 ฏُߦ྾ύλʔϯͷղੳʹ͓͚ΔղੳϞσϧ্໘Ͱͷُ྾ਐలͷ༷ࢠɽ

(a) t = 15.59 hourɼ(b) t = 17.03 hourɼ(c) t = 19.18 hourɼ(d) t = 25.14 hourʢ࠷ऴ

తͳُ྾ύλʔϯʣɽ

ਤ–4.6 ฏُߦ྾ύλʔϯͷղੳʹ্͓͍ͯ໘ʹُ྾͕ൃੜ͢ΔҎલʹ͞؍ΕΔُ྾܈ɽ
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(a)

(b)

(c)
!

!

ਤ–4.7 ฏُߦ྾ύλʔϯͷղੳʹ͓͍ͯɼ࠷ऴతͳُ྾ύλʔϯʹ࣌ͨͬࢸͰͷɼ

ղੳϞσϧͷਫฏ໘ʹ͓͚Δ૬Ԡྗίϯλʔਤɽ(a) z = 12mmɼ(b) z = 6mmɼ

(c) z = 0mmɽ
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(a)

(b)

(c)

!

!

ਤ–4.8 ฏُߦ྾ύλʔϯͷղੳʹ͓͍ͯɼ࠷ऴతͳُ྾ύλʔϯʹ࣌ͨͬࢸͰͷɼղੳϞ

σϧͷਫฏ໘ʹ͓͚Δମੵؚਫɽ(a) z = 12mmɼ(b) z = 6mmɼ(c) z = 0mmɽ
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ୈ5ষ ঢ়ُ྾ύλʔϯͷݱ࠶

5.1 ݧ૩ഁյ࣮ס

5.1.1 ๏ํݧ࣮

ঢ়ُ྾ύλʔϯʹؔ͢Δղੳ݁Ռͷূݕσʔλͷऔಘ͓Αͼղੳʹ͓͚Δύϥϝʔλ

ʢe.g., ͷମੵؚਫʣͷଌఆΛతͱ࣌͠Αͼُ྾ਐలऴ͓ྃظք໘͔Βͷৠൃɼॳڥମͷࣗ༝ݧࢼ

ͨɼࢎΧϧγϜݒӷͷס૩ഁյ࣮ݧΛͨͬߦɽࢎΧϧγϜݒӷɼͦͷϝϞϦʔޮՌ 70–73)

ُ྾ਐలաఔ 74) ʹணͨ͠ס૩ഁյ࣮ݧͰ͠͠༻͍ΒΕ͍ͯΔɽ

ܘཻͣ·ͷ֓ཁҎԼͷ௨ΓͰ͋Δɽݧ࣮ 5 mҎԼͷࢎΧϧγϜคͱਫΛࠞͥ߹Θͤɼମੵؚ

ਫ 0.72ͷࢎΧϧγϜݒӷΛ࡞ͨ͠ɽ͜ͷݒӷΛɼ্໘ͷΈ͕։์͞Εͨ෯ 100mm × Ԟ

ߦ 100mm × ਂ͞ 50mmͷΞΫϦϧ༰ثʹ͍ͩͷΛݧࢼମͱͨ͠ʢਤ- 5.1ʣɽ͜ͷͱ͖ࢎΧϧ

γϜݒӷঢ়ଶʹ͋ͬͨɽްͱηϧαΠζͱͷؔΛ͢؍ΔͨΊɼݧࢼମͷް 5mmɼ

10mmɼ20mmɼ30mmͷ 4ύλʔϯʹઃఆͨ͠ɽ

֤ްʹ͍ͭͯɼ24ݸʢް 5mmʣɼ11ݸʢް 10mmʣɼ10ݸʢް 20mmʣɼ10ݸʢް 30mmʣ

ͷݧࢼମΛ࡞͠ɼס૩ഁյ࣮ݧΛͨͬߦɽ͜͜Ͱɼް͕খ͘͞ͳΔ΄ͲࢎΧϧγϜݒӷͷ

ϝϞϦʔޮՌ͕ൃੜ͘͢͠ɼۉҰͳݧࢼମΛ࡞͢Δͷ͕ࠔʹͳΔͨΊɼബͷݧࢼମΛ૿͠

͍ͯΔɽۉҰͳݧࢼମ͔ΒಘΒΕΔ࣮ݧͷ݁Ռɼް͝ͱʹҰக͍ͯͨͨ͠ΊɼຊจͰ֤ްʹ

͍ͭͯ ܭɼͭͣݸ3 ӷΛΞΫϦϧ༰ݒΧϧγϜࢎՌͷΈΛࣔ͢ɽ݁ݧମʹ͓͚Δ࣮ݧࢼͷݸ12

Β͘੩ஔ͢Δͱɼද໘ʹਫ͕Ͱ͖ΔͨΊɼਫΛআ͍ͨͷް͕͞ઃఆ͍ͨ͠͠ޙ͍ͩʹث

ӷͷྔΛௐͨ͠ɽྫ͑ɼઃఆ͢Δް͕ݒମް͞ʹͳΔΑ͏ݧࢼ 10mmͷ߹ɼඞཁͳݒӷ

ͷॏ͞ 152 gͰ͋ͬͨɽ

ମΛࣨԹݧࢼͨ͠࡞ 20 ◦C ɼ૬ର࣪ 50% ͷҰఆʹอͨΕ࣮ͨࣨݧʹ੩ஔ͠ס૩ͤͨ͞ɽס૩

தɼݧࢼମͷఈ໘ͱଆ໘ɼ༰ثͱݧࢼମͱͷؒͷຎࡲͱ༊ணʹΑͬͯ߆ଋ͞Ε͍ͯΔɽס૩ُ྾ͷύ
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λʔϯܗաఔΛ͢؍ΔͨΊɼݧࢼମ্໘ͷ༷ࢠΛ 10͝ͱʹࡱӨͨ͠ɽ·ͨɼݧࢼମͷฏۉମੵ

ؚਫʢθavgʣͷมԽΛه͢ΔͨΊɼਫৠൃʹ͏ݧࢼମͷ࣭ྔมԽ 10͝ͱʹܭଌͨ͠ɽ

!"

ਤ–5.1 ࢎΧϧγϜݒӷͷס૩ഁյ࣮ݧͷݧࢼମɽ
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5.1.2 Ռ݁ݧ࣮

ਤ- 5.2 - ਤ- 5.5ɼ֤ްʹ͓͚Δݧࢼମ্໘ͷ࠷ऴతͳُ྾ύλʔϯΛ͍ࣔͯ͠Δɽ͜͜Ͱ֤ਤʹ

͓͚Δ (a)-(c)ɼް͝ͱͷ 3ͭͷݧࢼମΛ͍ࣔͯ͠ΔɽͲͷްʹ͓͍ͯঢ়ͷُ྾ύλʔϯ͕

͍ͯ͠ΔɽܗηϧΛܗ͞Εɼُ྾ʹΑͬͯғ·Εͨଟ֯ܗ

ਤ- 5.6ɼް 30mmͷݧࢼମʢਤ- 5.5 (a)ʹࣔ͢ݧࢼମʣʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯΛ্໘

ͱఈ໘͔ΒͨݟਤͰ͋Δɽ্໘Ͱ͞؍ΕΔશͯͷُ྾ఈ໘Ͱ͞؍Ε͓ͯΓɼ্໘ͷُ྾શͯ

ఈ໘·Ͱ౸ୡ͍ͯ͠Δ͜ͱ͕͔Δɽް 30mmͷଞͷݧࢼମ͓Αͼް͕ 5mmɼ10mmɼ20mmͷ

ܗମͷ্໘ʹͷΈݧࢼମͰಉ༷ʹɼ্໘ͷُ྾શͯఈ໘·Ͱ౸ୡ͍ͯͨ͠ɽͭ·Γɼُ྾ݧࢼ

͞Ε͍ͯΔͷͰͳ͘ɼ্໘͔Βఈ໘ʹݧࢼ͚ͯମΛॎஅ͢ΔΑ͏ͳԖُ྾໘Λܗ͍ͯ͠Δɽ͠

͕ͨͬͯɼ֤ݧࢼମݧࢼମͱಉ͡ް͞Λͭଟ֯ܗஅ໘ͷ൘ʹׂ͞Ε͍ͯΔ͜ͱʹͳΔɽ

-ɼਤʹ࣍ 5.2 - ਤ- ମʹ͓͚Δηϧͷݧࢼମ্໘Ͱͷُ྾ύλʔϯͷը૾͔Βɼ֤ݧࢼͨࣔ͠ʹ5.5

໘ੵΛܭଌͨ͠ɽؠੴίϯΫϦʔτɼΰϜͳͲͷද໘ʹੜ͡ΔͻͼׂΕͰɼُ྾ܗঢ়ͷఆྔతධՁ

ʹϑϥΫλϧݩ࣍Λ༻͍͍ͯΔྫ͕ଟ͋͘Γ 75–80)ɼס૩ُ྾ύλʔϯͷزԿֶతͳධՁʹϑϥΫλ

ϧݩ࣍Λద༻ͨ͠ྫ͕͋Δ 81,82)ɽ͔͠͠ɼס૩ُ྾ύλʔϯͰଟ͘ͷ߹ɼಛతͳ͞εέʔϧ

ʢi.e., ηϧαΠζʣΛͭଟ֯ܗηϧ͕͞؍Εɼͦͷಛతͳ͞εέʔϧͱࡐྉಛੑɾࢼྉܗঢ়ɾס

૩݅ͷؔੑʹணͨ͠ڀݚ 2,12–15)͕ओྲྀͰ͋Δɽ͜ͷ͜ͱΛ౿·͑ɼຊڀݚͰɼס૩ُ྾ύλʔ

ϯͷఆྔతධՁࢦඪͱͯ͠ηϧ໘ੵΛ༻͍ͨɽ

ηϧ໘ੵͷܭଌʹը૾ղੳιϑτ ImageJΛ༻͍ͨʢImageJͷ໘ੵܭଌਫ਼ 1pixelʢຊڀݚͷ

༻ը૾Ͱ 0.2mmఔʣͰ͋Δʣɽ໘ੵͷܭଌʹ͋ͨΓɼ༰ثͱͷ༊ண͓ΑͼຎࡲͷӨڹΛେ͖͘ड͚

Δڥքۙͷηϧআ֎͠ɼத৺ۙͷηϧͷΈΛܭଌͷରͱͨ͠ɽ֤ݧࢼମͰܭଌ͞Εͨηϧ໘ੵ

ͷฏۉ͓Αͼɼ֤ް -ΛɼͦΕͧΕਤۉग़͞Εͨް͝ͱͷηϧ໘ੵͷฏࢉମ͔Βݧࢼͷݸ3 5.7

ͷάϥϑʹࣔ͢ɽ·ͨɼ֤ް Λͱมಈۉग़͞Εͨް͝ͱͷηϧ໘ੵͷฏࢉମ͔Βݧࢼͷݸ3

ද- 5.1ʹࣔ͢ɽਤ- 5.7ʹ͓͚Δݧࢼମ͝ͱͷฏۉ͔Βɼް͕ಉ͡ݧࢼମͷηϧ໘ੵ΄΅ಉ͡

ΛͱΔ͜ͱ͕͔Δɽ͜ͷ͜ͱ͔Βɼ༰ثͱͷ༊ண͓ΑͼຎࡲͷӨڹΛେ͖͘ड͚ΔڥքۙͷҰ෦ͷ

ηϧΛআ͖ɼ֤ްͰ͞؍ΕΔηϧͷαΠζ΄΅ҰఆʹอͨΕ͍ͯΔͱ͍͏͜ͱ͕Ͱ͖Δɽ͜ͷΑ

ΕΔҰఆͷηϧαΠζɼ֤ްʹରԠͨ͠ಛతͳ͞͞؍քΛআ͍ͨத৺ۙͰڥମͷݧࢼʹ͏

εέʔϧͱΈͳ͢͜ͱ͕Ͱ͖Δɽ·ͨɼਤ- 5.7ʹ͓͚Δް͝ͱͷฏۉ͔Βɼްͷ૿Ճʹ͍֤

ްʹ͓͚Δηϧͷฏۉతͳ໘ੵ͕૿Ճ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖Δɽද- 5.1ͷมಈͰɼް 10mm
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ͱ 30mmͰηϧ໘ੵͷΒ͖͕ͭେ͖͘ͳ͓ͬͯΓɼ͜ͷ࣮͔ݧΒͰηϧ໘ੵͷΒ͖ͭͷްʹର

͢Δ͞؍Εͳ͍ɽްʹԠͨ͡ಛతͳ͞εέʔϧͷଘࡏͱɼްͷ૿ՃʹԠͨ͡ηϧͷฏ

Δ݁ͱҰக͢Δɽ͚͓ʹڀݚతݧଘͷ࣮طɼతͳ໘ੵͷ૿Ճۉ

ਤ- 5.8ް 10mmͷݧࢼମʢਤ- 5.3 (a)ʹࣔ͢ݧࢼମʣ্໘ʹ͓͚Δُ྾ਐలͷ༷ࢠΛ͍ࣔͯ͠

Δɽס૩ഁյݱͷॳظஈ֊ʢਤ- 5.8 (a)-(c)ʣͰɼ͍͔ͭ͘ͷُ͍྾͕ݧࢼମ্໘ΛԣΓɼେ͖

ͳηϧߏΛܗ͢Δɽ͜ΕΒͷُ྾ɼҰُ࣍྾ 16) ͱ͑ߟΒΕΔɽס૩͕ਐΉʹͭΕɼҰُ࣍྾ʹ

Αͬͯܗ͞Εͨηϧɼೋُ࣍྾ʹΑͬͯஈ֊తʹׂ͞Ε͍ͯ͘ʢਤ- 5.8 (d), (e)ʣɽ͜͜ͰɼʮҰ

྾ʯͱ͍͏ྨɼNahlawiُ࣍྾ʯɼʮೋُ࣍ et al. (2006)16)ʹΑΔఆٛʹै͍ͬͯΔɽͭ·ΓɼҰ࣍

ُ྾ɼס૩ഁյݱͷॳظஈ֊ͰݱΕΔ࠷ॳͷُ྾ͷͰɼೋُ࣍྾Ұُ࣍྾ͷؒʹൃੜ͢Δُ྾

Ͱ͋Δɽೋُ࣍྾Ұُ࣍྾ʹൺͯ͘ɼ͠͠ࢬ͔Ε͕ൃੜ͢Δɽ·ͨɼηϧͷڥք͔Βൃੜ

͠ɼଞͷُ྾ʹ͋ͨΔ·Ͱηϧͷத৺ํʹਐల͍ͯ͘͠ɽ͜ͷΑ͏ͳೋُ࣍྾ʹΑΔηϧׂɼُ

྾ͷ͕ऴྃ͠ɼ࠷ऴతͳُ྾ύλʔϯʢਤ- 5.8 (f)ʣʹͳΔ·Ͱ܁Γฦ͞ΕΔɽ͜ͷ֊తͳηϧ

ͷׂաఔଞͷݧࢼମʹ͓͍ͯಉ༷ʹ͞؍Εͨɽ

ਤ- 5.9ɼް 10mmͷݧࢼମʢਤ- 5.3 (a)ʹࣔ͢ݧࢼମʣʹ͓͚Δฏۉମੵؚਫ θavg ͷมԽΛ

͍ࣔͯ͠Δɽ࣮ݧ։ޙ࢝ɼৠൃ͕ਐΈ θavg = 0.560ͷ࣌Ͱݧࢼମ্໘ͷਫ͕ͳ͘ͳͬͨɽ·ͨɼ

θavg = 0.224ͷ࣌ͰɼॳΊ্ͯ໘ʹُ྾͕ൃੜͨ͠ɽͦͷޙɼݧࢼମͷମੵؚਫ θavg ͷݮগྔ͕΄

΅θϩʹͳΔʢס૩͕ऴྃ͢ΔʣΑΓલʹɼُ྾ਐలऴྃͨ͠ɽ͜ͷُ྾ਐలऴྃ࣌ͷฏۉମੵؚ

ਫɼ θavg = 0.204Ͱ͋ͬͨɽ͞Βʹɼฏۉମੵؚਫ θavg গ͍ͯ͠ݮʹܗաʹै͍ઢܦͷ͕ؒ࣌

Δ͜ͱ͔Βɼগͳ͘ͱُ྾͕ਐల͍ͯ͠ΔؒͷৠൃҰఆͰ͋Δͱ͍͑Δɽคମ-ਫࠞ߹ͷৠൃ

ɼେؾͷৠൃΛຬͨ͢ৠൃՄͰৠൃ͕ਐ͢ߦΔʮס૩ͷୈ 1ஈ֊ʢ߃ס૩ஈ֊ʣʯɼค

ମ-ਫࠞ߹ͷਫڅڙྗ͕େؾͷৠൃΛຬͨͤͳ͘ͳΓɼৠൃ͕ݮগ͢Δʮס૩ͷୈ 2ஈ֊

ʢݮס૩ஈ֊ʣʯɼ͞Βʹ͍ৠൃΛҡ࣋͢Δʮס૩ͷୈ 3ஈ֊ʯʹ͚ΒΕΔ 83)ɽৠൃ͕Ұ

ఆͰ͋Δ͜ͱ͔Βɼُ྾ਐలதͷৠൃৗʹʮס૩ͷୈ 1ஈ֊ʯʹ͋ͬͨ͜ͱ͕͔Δɽס૩ͷୈ 2ஈ

֊ʹ͓͚ΔৠൃͷԼɼମੵؚਫ͕͘ਫ֦ؔࢄͷ͕খ͍͞ද෦ͷ૿ՃʹΑΓɼਫ

څڙྗ͕Լ͢Δ͜ͱʹىҼ͢Δɽ͜ͷ͜ͱ͔Βɼס૩ͷୈ 1ஈ֊ʹ͋Δُ྾ਐలաఔͰɼද

෦ͷਫ֦ؔࢄेେ͖͘ɼຊ࣮ݧͷΑ͏ͳൺֱతബ͍ݧࢼମʹ͓͚Δਫ֦ࢄҰఆͷԾఆ

ଥͰ͋Δͱ͍͑Δɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.2 ऴతͳُ྾ύλʔϯɽް͞࠷͞Εͨܗʹମ্໘ݧࢼ͍͓ͯʹݧ૩ഁյ࣮ס 5mmͷ

߹ɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.3 ऴతͳُ྾ύλʔϯɽް͞࠷͞Εͨܗʹମ্໘ݧࢼ͍͓ͯʹݧ૩ഁյ࣮ס 10mmͷ

߹ɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.4 ऴతͳُ྾ύλʔϯɽް͞࠷͞Εͨܗʹମ্໘ݧࢼ͍͓ͯʹݧ૩ഁյ࣮ס 20mmͷ

߹ɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.5 ऴతͳُ྾ύλʔϯɽް͞࠷͞Εͨܗʹମ্໘ݧࢼ͍͓ͯʹݧ૩ഁյ࣮ס 30mmͷ

߹ɽ
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(a) (b)

ਤ–5.6 ް 30mm (a)ͷݧࢼମʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯͷ্໘ͱఈ໘͔Βͷ༷ࢠɽ

(a) ্໘ͷ༷ࢠɼ(b) ఈ໘ͷ༷ࢠɽ

0.0
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2 ]

Specimen thickness [mm]

各層厚の平均値

各試験体の平均値

ਤ–5.7 ɽۉͱް͝ͱͷηϧ໘ੵͷฏۉଌ͞Εͨηϧ໘ੵͷฏܭମͰݧࢼ֤
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(b)(a)

(e)

(d)(c)

(f)

ਤ–5.8 ɽްࢠΔُ྾ਐలաఔͷ༷͚͓ʹݧ૩ഁյ࣮ס 10mm (a)ͷݧࢼମͷ߹ɽ

(a)-(c) Ұُ࣍྾ʹΑΔେ͖ͳηϧߏͷܗɼ(d), (e) ೋُ࣍྾ʹΑΔηϧׂɼ

(f) ऴతͳُ྾ύλʔϯɽ࠷
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ද–5.1 ͱมಈۉΔް͝ͱͷηϧ໘ੵͷฏ͚͓ʹݧ૩ഁյ࣮ס

ް ฏۉ มಈ ηϧ

5mm 2.57 cm2 0.459 98

10mm 4.14 cm2 0.642 65

20mm 6.25 cm2 0.570 45

30mm 8.62 cm2 0.739 32

0
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[-]

ਤ–5.9 ฏۉମੵؚਫ θavg ͷมԽɽް 10mm (a)ͷݧࢼମͷ߹ɽ

(i) ɼ(ii)࣌ମද໘ͷਫ͕ͳ͘ͳͬͨݧࢼ ُ྾ൃੜ࣌ɼ(iii) ُ྾ਐలऴྃ࣌ɽ
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5.2 ղੳ

5.2.1 ղੳ݅

5.1અͰࣔͨ͠ࢎΧϧγϜʹΑΔס૩ഁյ࣮ݧͰ͞؍Εͨɼೋݩ࣍తͳঢ়ُ྾ύλʔϯͱ

ްʹΑΔηϧαΠζͷมԽΛղੳʹΑͬͯ͢ݱ࠶Δɽ

5.1અͷס૩ഁյ࣮ݧʹै͍ɼ෯ͱԞ͕͖ߦ 100mmͷํମղੳϞσϧΛ༻ҙ͠ɼް T  5mmɼ

10mmɼ20mmɼ30mmʹઃఆͨ͠ɽס૩ഁյ࣮ݧͰɼΞΫϦϧ༰ثͱ͍ͯ͠Δݧࢼମͷڥք໘ʢଆ

໘ͱఈ໘ʣࢼྉͱ༰ثͷؒͷ༊ணͱຎࡲʹΑͬͯ߆ଋ͞Ε͓ͯΓɼৠൃ༰ثͷ։ޱ෦ʢݧࢼମ্໘ʣ

ͱُ྾໘͔ΒͷΈ͍ͨͯͬ͜ىɽ͜Εʹ͖ͮجɼղੳʹ͓͚Δڥք݅Λਤ- 5.10ͷΑ͏ʹઃఆͨ͠ɽ

͜͜Ͱɼݧࢼମͷଆ໘ͱఈ໘Λ ∂Ω(1)ɼ্໘Λ ∂Ω(2)ͱ͢Δͱɼඋੑ ∂Ω = ∂Ω(1) ∪ ∂Ω(2)ͱഉଞੑ

∂Ω(1) ∩ ∂Ω(2) = ∅͕Γཱͭɽ͜ͷͱ͖ɼ֦ࢄʹؔ͢Δॳظڥք (2.3)ʹ͓͚ΔDirichletڥք

∂ΩθͱNeumannڥք ∂Ωwʹɼ∂Ωw = ∂Ω(1) ∪ ∂Ω(2)ͱ ∂Ωθ = ∅͕Γཱͪɼมܗʹؔ͢Δڥք

 (2.7)ʹ͓͚Δ Dirichletڥք ∂Ωu ͱ Neumannڥք ∂Ωt ʹɼ∂Ωu = ∂Ω(1) ͱ ∂Ωt = ∂Ω(2) ͕Γ

ཱͭɽ͕ͨͬͯ͠ɼࢎΧϧγϜʹΑΔס૩ഁյ࣮ݧʹ͓͚Δُ྾ύλʔϯҎԼʹࣔ͢ɼ֦ࢄʹؔ

͢Δॳظڥք (5.1)ͱมܗʹؔ͢Δڥք (5.2)ͷ࿈Λղ͘͜ͱʹΑͬͯಘΒΕΔɽ

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ̇ = D∇2θ x ∈ Ω \ (∂Ω ∪ Γ) (5.1a)

θ(x, 0) = θ0(x) x ∈ Ω \ (∂Ω ∪ Γ) (5.1b)

D
∂θ

∂n
= 0 x on ∂Ω(1) (5.1c)

D
∂θ

∂n
= −w̄(x, t) x on ∂Ω(2) (5.1d)

D
∂θ

∂n
= −v̄(x, t) x on Γ (5.1e)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇.σ = 0 x ∈ Ω \ (∂Ω ∪ Γ) (5.2a)

σ = c : (ε− εs) x ∈ Ω \ (∂Ω ∪ Γ) (5.2b)

ε =
1

2

(
∇u+ (∇u)T

)
x ∈ Ω \ (∂Ω ∪ Γ) (5.2c)

u = 0 x on ∂Ω(1) (5.2d)

σ.n = 0 x on (∂Ω(2) ∪ Γ) (5.2e)
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ύϥϝʔλɼࢎΧϧγϜʹΑΔס૩ഁյ࣮ݧͰಘΒΕ͔ͨΒද- 5.2ͷΑ͏ʹઃఆͨ͠ɽॳظ

ମੵؚਫ θ0ͱղੳऴྃ࣌ͷମੵؚਫ θfinɼࢎΧϧγϜʹΑΔס૩ഁյ࣮ݧʹ͓͍ͯɼද໘ͷ

ਫ͕ͳ͘ͳͬͨ࣌ͱݧࢼମ্໘Ͱͷُ྾ਐల͕ऴྃͨ࣌͠Ͱͷฏۉମੵؚਫͱͨ͠ɽُ྾໘

͔Βͷৠൃ v̄ɼฏُߦ྾ύλʔϯʹؔ͢Δղੳͱಉ༷ɼڥք໘͔Βͷৠൃ w̄ͷ 50%ͱͨ͠ɽ

ࢎΧϧγϜݒӷͷࡐྉఆʢi.e.,ਫ֦ࢄDɼϙΞιϯൺ νɼϠϯάEɼҾுڧ tcʣͷ

ଌఆඇৗʹࠔͰ͋Γɼ৴པͰ͖Δ࣮ݧσʔλଘ͠ࡏͳ͍ɽͦ͜Ͱɼਫ֦ࢄDɼϙΞιϯൺ νɼ

ϠϯάEʹؔͯ͠ɼγϧτ࣭ͷ೪ʹؔ͢Δ࣮͔ݧΒಘΒΕ͍ͯΔΛ༻͍ͨ 15,20)ɽ·ͨɼຊจ

͕ରͱ͢Δס૩ഁյͷͰϠϯάEͱҾுڧ tcͦΕͧΕͷͰͳ͘ɼtc/Eͱ λͱͷൺɼ

͢ͳΘͪɼࢼྉΛઢܗੑମͱΈͳͨ͠߹ͷഁյ࣌ͷݶքͻͣΈͱɼਫऩॖ λͱͷൺ͕ɼُ྾

ੜͷ;Δ·͍Λࢧ͍ͯ͠Δɽਫऩॖ λɼؒܺଞͷଌఆՄͳύϥϝʔλΛ༻͍ͯൺֱ

త͍ߴ৴པΛ͕ͭ࣋ಘΒΕΔͨΊɼް 10mmͷղੳϞσϧΛ༻͍ͯɼtc/E = 0.12, 0.32, 0.52ʹͭ

͍ͯύϥϝτϦοΫελσΟΛͨͬߦɽͦͷ݁Ռɼtc/E = 0.12ͰղੳྖҬͷ΄΅શମʹΘ͔ͨͬͯࡉ

ͳُ྾͕ൃੜ͠ʢ͜ͷΑ͏ͳُ྾ύλʔϯ͕࣮ݧͰ͞؍ΕΔ͜ͱͳ͍ʣɼtc/E =0.52Ͱُ྾͕े

ʹਐల͠ͳ͔ͬͨʢُ྾͕ղੳϞσϧ্໘ΛԣΔ͜ͱͳ͘ਐల͕ऴྃͨ͠ʣ͜ͱ͔Βɼtc/E = 0.32

ʹఆΊ্ͨͰɼγϧτ࣭ͷ೪ʹ͓͚ΔϠϯά E =5.0MPaΛ༻͍ͯ tc ͷΛܾఆͨ͠ɽ

Ҏ্ͷύϥϝʔλઃఆʹՃ͑ɼ֤ղੳϞσϧʹର࢛͠໘ମඇߏϝογϡʹΑΔ༗ݶཁૉϞσϧΛ࡞

ͨ͠ɽ͜ͷͱ͖ɼُ྾ύλʔϯͷϝογϡґଘੑΛ͢ূݕΔͨΊɼ֤ް͝ͱʹۭؒղ͕ҟͳΔ

3ύλʔϯ·ͨ 4ύλʔϯͷ༗ݶཁૉϞσϧΛ࡞͠ 67–69) ղੳΛͨͬߦɽ֤༗ݶཁૉϞσϧͷϝο

γϡαΠζɼ͓Αͼް 5mmͰઅ 32,802ͷ༗ݶཁૉϞσϧʢmodel 5-2ʣʹ͓͚Δϝογϡۭؒ

ղʹΑͬͯਖ਼نԽ֤ͨ͠༗ݶཁૉϞσϧͷۭؒղΛද- 5.3ʹࣔ͢ɽ
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ද–5.2 ঢ়ُ྾ύλʔϯͷղੳʹ͓͚Δύϥϝʔλ

คମס૩ີ ρd 8.0× 102 kg/m3

ਫີ ρw 1.0× 103 kg/m3

ॳظମੵؚਫ θ0 0.560

ղੳऴྃ࣌ͷମੵؚਫ θfin 0.204

ք໘ͷৠൃڥ w̄ 8.8× 10−5m/h

ُ྾໘ͷৠൃ v̄ 4.4× 10−5m/h

ਫऩॖ λ 0.69

ਫ֦ࢄ D 3.6× 10−6m2/h

ϙΞιϯൺ ν 0.3

Ϡϯά E 5.0MPa

Ҿுڧ tc 1.6MPa

!"#$%&#'(%) !"#$%&#'(%)

ਤ–5.10 ঢ়ُ྾ύλʔϯͷղੳʹ͓͚ΔղੳϞσϧͱڥք݅ɽ
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ද–5.3 ֤༗ݶཁૉϞσϧͷϝογϡαΠζ͓Αͼਖ਼نԽۭͨؒ͠ղ

ް T Model No. ཁૉ અ ਖ਼نԽ͞Εۭͨؒղ

5mm

model 5-1 109,110 22,959 0.70

model 5-2 160,732 32,802 1.00

model 5-3 253,930 50,355 1.54

model 5-4 341,198 66,425 2.03

10mm

model 10-1 178,235 33,870 0.516

model 10-2 278,337 51,726 0.788

model 10-3 326,368 60,215 0.918

20mm

model 20-1 309,509 55,304 0.421

model 20-2 325,931 58,129 0.443

model 20-3 682,805 119,210 0.909

30mm

model 30-1 347,551 61,146 0.311

model 30-2 362,406 63,628 0.323

model 30-3 1,053,347 180,271 0.916
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5.2.2 ղੳ݁Ռ

ද- 5.3ʹ֤ࣔͨ͠Ϟσϧ্໘ʹ͓͚Δ࠷ऴతͳُ྾ύλʔϯΛਤ- 5.11 - ਤ- 5.14ʹࣔ͢ɽϞσϧ͝

ͱʹُ྾ύλʔϯมԽ͢Δ͕ɼ͍ͣΕͷ߹ʹ͓͍ͯɼঢ়ߏΛُͭ྾͕܈ղੳϞσϧ্໘

Λଟ֯ܗͷηϧʹׂ͍ͯ͠Δ༷͞ݱ࠶͕ࢠΕ͍ͯΔɽ

·ͨɼਤ- 5.15ʹް 5mmͷϞσϧʢmodel 5-2ʣʹ͓͚Δݩ࣍ࡾతͳُ྾ͷ༷ࢠΛࣔ͢ɽ͜ͷਤ͔

Βɼશͯͷُ྾໘্໘͔Βఈ໘͚ͯղੳϞσϧΛॎஅ͓ͯ͠Γɼ্໘ͱਨͳ͖ʢԖํʣ

ͷُ྾໘Λܗ͍ͯ͠Δ͜ͱ͕͔Δɽ͜ͷΑ͏ʹɼ্໘ʹਨͰఈ໘·Ͱ౸ୡ͢Δُ྾໘ɼଞͷ

ްͷϞσϧʹ͓͍ͯಉ༷ʹ͞؍Εͨɽ

͜͜ͰɼϞσϧ্໘ͷُ྾ύλʔϯը૾ʢਤ- 5.11 - ਤ- 5.14ʣΛ༻͍ͯɼ֤ϞσϧͰܗ͞Εͨଟ֯

ΔηϧαΠζͷ͚͓ʹݧ૩ഁյ࣮סӷͷݒΧϧγϜࢎଌͨ͠ɽ͜ͷͱ͖ɼܭ໘ੵΛۉηϧͷฏܗ

͞ΕܗʹͷൃੜʹΑΓ໌֬܈ॴతͳُ྾ہΛड͚Δଆ໘ۙͷηϧڹଋͷӨ߆ଌͱಉ༷ʹɼมҐܭ

͍ͯͳ͍ηϧআ֎͍ͯ͠Δɽ

ਤ- 5.16Ϟσϧ͝ͱͷηϧͷฏۉ໘ੵͱਖ਼نԽ͞ΕۭͨؒղͷؔΛް͝ͱʹࣔͨ͠άϥϑ

Ͱ͋Δɽ͜͜ͰɼϝογϡαΠζΛ͔ͯ͘͠ࡉηϧͷฏۉ໘ੵ͕มԽ͠ͳ͘ͳͬͨࡍʹɼͦΕΒͷ

ϝογϡेͳۭؒղΛ༗͍ͯ͠Δͱஅ͢Δɽް 5mmͷϞσϧʢmodel 5-1ɼ5-2ɼ5-3ɼ5-4ʣ

ʹண͢Δͱɼmodel 5-2ɼ5-3ɼ5-4ʹ͓͚Δηϧͷฏۉ໘ੵͦͷϝογϡۭؒղʹؔΘΒͣ΄΅

ಉ͡ΛͱΔͷʹର͠ɼmodel 5-1ʢਖ਼نԽ͞Εۭͨؒղ͕ 0.8ͷϞσϧʣଞͷް 5mmͷϞσ

ϧʹൺηϧͷฏۉ໘ੵ͕େ͖͘ͳ͍ͬͯΔɽ͕ͨͬͯ͠ɼmodel 5-1ͷ༗ݶཁૉϞσϧʹ͓͚Δϝο

γϡηϧαΠζ͕ऩଋ͢ΔͷʹेͳۭؒղΛ༗͍ͯ͠ͳ͍ͱ͍͑ΔɽଞͷްͷϞσϧͰɼ

ϝογϡͷۭؒղʹΑͬͯηϧͷฏۉ໘ੵେ͖͘มԽ͍ͯ͠ͳ͍͜ͱ͔Βɼද- 5.3ʹۭࣔͨؒ͠

ղʹ͓͍ͯηϧαΠζऩଋ͍ͯ͠Δͱ͑ߟΔ͜ͱ͕Ͱ͖ΔɽҎ্͔Βɼُ྾ύλʔϯࣗମϝο

γϡܗঢ়ʹґଘͯ͠มԽ͢Δ͕ɼϝογϡۭؒղ͕ेʹ͍ߴ߹ʹɼܗ͞ΕΔଟ֯ܗηϧͷ

αΠζ΄΅ಉ͡ʹͳΔͱ͍͑Δɽ͜ͷऩଋͨ͠ଟ֯ܗηϧͷαΠζ͕ɼ֤ްʹରԠͯ͠ܗ͞ΕΔ

ಛతͳ͞εέʔϧͰ͋Δɽ͜ͷΑ͏ʹɼُ྾ύλʔϯࣗମʹଟ༷ੑ͕͋Γͳ͕Βಛతͳ͞

εέʔϧ͕ܗ͞ΕΔ͜ͱɼס૩ഁյ࣮ݧͰͷ࣮ࣄ؍ͱҰக͢Δɽ

ɼްʹ࣍ 5mmͷηϧαΠζ͕ऩଋ͍ͯ͠ͳ͍Ϟσϧʢmodel 5-1ʣΛআ͖ɼ֤ް͝ͱʹɼ3ύλʔ

ϯͷϞσϧͰܗ͞Εͨશηϧͷ໘ੵͷฏۉΛͨ͠ࢉܭɽ͜ͷηϧ໘ੵʹΑΔُ྾ύλʔϯͷධՁ

ઌڀݚߦʹଟ͘ΈΒΕɼࡐྉʹґΒͣްͷ૿Ճʹ͍ηϧͷฏۉ໘ੵ૿Ճ͢Δ͜ͱ͕͔͍ͬͯ
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Δ 11,12,16–19)ɽղੳʹ͓͚Δް͝ͱͷηϧͷฏۉ໘ੵΛ 5.1અͰࣔͨ͠ࢎΧϧγϜʹΑΔס૩ഁ

յ࣮ݧͷ݁Ռʢਤ- 5.7ʣͱൺֱͨ͠ͷΛਤ- 5.17ʹࣔ͢ɽ͜ͷਤ͔ΒɼղੳͰಘΒΕͨηϧͷฏ

ΑΓΘ͔ͣʹখ͘͞ͳ͍ͬͯΔ͕ɼ͓ΑͦͷηϧαΠζްͷ૿ݧ໘ੵͲͷްʹ͓͍࣮ͯۉ

ՃʹԠͨ͡ηϧ໘ੵͷ૿Ճͱ͍͏ס૩ُ྾ύλʔϯͷجຊతͳಛղੳʹΑͬͯଊ͑Δ͜ͱ͕Ͱ

͖͍ͯΔͱ͍͑Δɽ·ͨɼ֤ް 3ύλʔϯͷϞσϧ͔Βࢉग़͞Εͨް͝ͱͷηϧ໘ੵͷฏۉͱม

ಈΛද- 5.4ʹࣔ͢ɽ͜ͷද͔Βɼηϧ໘ੵͷΒ͖ͭްʹΑΒͣ΄΅ҰఆͰ͋Δ͜ͱ͕͔Δɽ

ղੳʹ͓͚Δηϧͷฏۉ໘ੵΛ࣮ݧͱҰகͤ͞Δʹɼ࣮͔ݧΒଌఆ͢Δͷ͕ࠔͳਫ֦ࢄ

ɼُ྾໘͔Βͷৠൃɼ࣭ͷڧΛද͢ tc/E ͱ͍ͬͨύϥϝʔλʹؔͯ͠ΑΓ͍ύϥϝʔλ

ۭؒͰͷύϥϝτϦοΫελσΟΛ͍͜ߦΕΒͷύϥϝʔλُ͕྾ύλʔϯʹ༩͑ΔӨڹΛ͢ূݕΔඞ

ཁ͕͋Δɽ

ਤ- 5.18ʹɼް 10mmͷϞσϧʢmodel 10-3ʣʹ͓͚Δ্໘Ͱͷُ྾ਐలաఔΛࣔ͢ɽס૩ഁյͷ

ॳظஈ֊Ͱɼ͍͔ͭ͘ͷُ྾͕͘ਐల͠ɼେ͖ͳηϧߏΛܗ͢Δʢਤ- 5.18 (a)-(c)ʣɽ͜ΕΒͷ

ُ྾ɼࢎΧϧγϜʹΑΔס૩ഁյ࣮ݧͰ͞؍ΕͨҰُ࣍྾ͱΈͳ͢͜ͱ͕Ͱ͖Δɽͦͷޙɼೋ

-྾ͷؒΛਐల͍ͯ͘͜͠ͱͰɼେ͖ͳηϧΛׂ͍ͯ͘͠ʢਤُ࣍྾͕ൃੜ͠ɼҰُ࣍ 5.18 (d)-(f)ʣɽ

ೋُ࣍྾ͷزԿֶతಛʢi.e., ͘ɼࢬ͔Ε͢Δ߹͕͋Δʣɼס૩ഁյ࣮ݧʹ͓͚Δ݁؍Ռͱ

Ұக͍ͯ͠Δɽ·ͨɼೋُ࣍྾ɼܗʹط͞Ε͍ͯΔηϧͷपғ͔Βൃੜ͠ɼଞͷُ྾ʹ͋ͨΔ·Ͱɼ

ηϧͷத৺Λ௨ΔΑ͏ʹਐల͍ͯ͘͠ɽ͜ͷೋُ࣍྾ʹΑΔηϧͷׂɼُ྾ύλʔϯ͕࠷ऴతͳܗ

ঢ়ʢਤ- 5.18 (f)ʣʹͳΔ·Ͱɼ܁Γฦ͞ΕΔɽͭ·Γɼਤ- 5.18ʹࣔͨ͠ղੳ݁ՌɼBohn (2005a,

2005b)2,3) ຊతͳಛΛଊ͍͑ͯΔͱ͍͏͜ͱ͕Ͱ͖Δɽجաఔͷܗ૩ُ྾ͷύλʔϯסఠͨ͠ࢦ͕

͜ͷΑ͏ͳηϧͷஈ֊త͔ͭ֊తͳׂաఔɼଞͷްʢ5mmɼ20mmɼ30mmʣͷϞσϧͰಉ

Εͨɽ͞؍ʹ༷

ਤ- 5.19ʹɼް 10mmʹ͓͚Δ 0.01 hʢશཁૉத࠷େͷτϥΫγϣϯ͕Ҿுڧͷ 97%ΑΓখ͍͞

߹ʹ 0.1 hʣ͝ͱͷฏۉମੵؚਫ θavg ͷมԽΛࣔ͢ɽਤ- 5.9ͱਤ- 5.19Λൺֱ͢Δͱɼ࣮ݧͰ

ؒ࣌Δ·Ͱͷࢸʹͷମੵؚਫ͔࣌Βُ྾ਐలऴྃ࣌ମද໘ͷਫ͕ͳ͘ͳͬͨݧࢼ 40.2 hͰ

͕͋ͬͨɼղੳͰ 45.48 hͰ͋Γɼ࣮ݧΑΓΘ͔ͣʹ͔ͬͨɽ͜ΕɼࢎΧϧγϜͷ֦ࢄ

ʹؔ͢Δσʔλ͕ಘΒΕ͓ͯΒͣɼPeron et al. (2009b)20) ʹΑΔγϧτ࣭ͷ೪ͷ֦ࢄΛ༻͍

ͨͨΊͰ͋Γɼ࣮ࡍͷࢎΧϧγϜͷ֦ࢄͷຊจͰ༻͍ͨΑΓେ͖͍ͱ͑ߟΒΕΔɽ·

ͨɼݧࢼମද໘ʹُ྾͕ൃੜ͢Δฏۉମੵؚਫղੳ݁Ռͷํ͕࣮݁ݧՌΑΓେ͖͘ͳͬͨɽη

ϧͷฏۉ໘ੵͱಉ༷ɼ࣮ݧʹ͓͚Δଌఆ͕ࠔͳύϥϝʔλʹؔ͢ΔύϥϝʔλɾνϡʔχϯάʹΑΓɼ
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͜ͷΛ࣮ݧʹ͚ۙͮΔ͜ͱՄͰ͋Δɽ

Ҏ্ΑΓɼղੳͷ݁ՌɼύϥϝʔλɾνϡʔχϯάʹΑΓमਖ਼ՄͳࠩҧΛ͍ͯ͠Δ͕ɼ

5.1અͰࣔͨ͠ࢎΧϧγϜݒӷͷס૩ഁյ࣮ݧͰಘΒΕͨ

ஈ֊త͔ͭ֊తͳηϧͷׂաఔ

ঢ়ُ྾܈ͱଟ֯ܗηϧͷܗ

ηϧαΠζͱްͱͷؔ

ͱྑͳҰகΛ͍ͯͤݟΔͱ͚݁ͮΒΕΔɽ

͜ΕΒͷ݁Ռɼશ֦ͯࢄɾมܗɾഁյͱ͍͏ 3ͭͷϑΝϯμϝϯλϧͳཧݱͷ࿈ʹΑͬͯಘ

ΒΕΔͷͰ͋Δɽ࿈ͷഎޙʹ͋ΔඍົͳόϥϯεʹΑͬͯ͜ͷݱ͕ܾఆ͞Ε͍ͯΔ͜ͱΛ͑ߟΔ

ͱɼݩ࣍ղੳ͔ΒಘΒΕΔ͞εέʔϧͱްͱͷൺֱͱ͍ͬͨ୯७ͳٞेͰͳ͍ɽס૩ഁյ

ड़͢ΔͨΊʹɼຊจͰఏҊͨ͠࿈ղੳ͕ඞཁෆՄܽͰهʹશΛܗʹ͓͚Δُ྾ύλʔϯݱ

͋Δͱ͍͑Δɽ
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(b)

(c) (d)

100mm

100mm

(a)

ਤ–5.11 ঢ়ُ྾ύλʔϯͷղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ͞Εͨ࠷ऴతͳُ྾ύ

λʔϯɽް͞ 5mmͷ߹ɽ

(a) model 5-1ɼ(b) model 5-2ɼ(c) model 5-3ɼ(d) model 5-4ɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.12 ঢ়ُ྾ύλʔϯͷղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ͞Εͨ࠷ऴతͳُ྾ύ

λʔϯɽް͞ 10mmͷ߹ɽ

(a) model 10-1ɼ(b) model 10-2ɼ(c) model 10-3ɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.13 ঢ়ُ྾ύλʔϯͷղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ͞Εͨ࠷ऴతͳُ྾ύ

λʔϯɽް͞ 20mmͷ߹ɽ

(a) model 20-1ɼ(b) model 20-2ɼ(c) model 20-3ɽ
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(a)

(b)

(c)

100mm

100mm

ਤ–5.14 ঢ়ُ྾ύλʔϯͷղੳʹ͓͍ͯղੳϞσϧ্໘ʹܗ͞Εͨ࠷ऴతͳُ྾ύ

λʔϯɽް͞ 30mmͷ߹ɽ

(a) model 30-1ɼ(b) model 30-2ɼ(c) model 30-3ɽ
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ਤ–5.15 ް 5mmͷղੳϞσϧʢmodel 5-2ʣʹ͓͚Δݩ࣍ࡾతͳُ྾ͷ༷ࢠɽ
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Normalized spatial resolution [-]

5mm
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ਤ–5.16 Ϟσϧ͝ͱͷηϧͷฏۉ໘ੵͱਖ਼نԽ͞Εͨϝογϡۭؒղͷؔɽ
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ද–5.4 ঢ়ُ྾ύλʔϯͷղੳʹ͓͚Δް͝ͱͷηϧ໘ੵͷฏۉͱมಈ

ް ฏۉ มಈ ηϧ

5mm 2.23 cm2 0.493 118

10mm 3.50 cm2 0.543 76

20mm 5.25 cm2 0.474 46

30mm 7.27 cm2 0.503 30
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Specimen thickness [mm]

解析

実験

ਤ–5.17 ް͝ͱͷηϧͷฏۉ໘ੵʹؔ͢Δ࣮݁ݧՌͱղੳ݁Ռͷൺֱɽ
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(a) (b)

(c) (d)

(e) (f)

ਤ–5.18 ঢ়ُ྾ύλʔϯͷղੳʹ͓͚ΔղੳϞσϧ্໘Ͱͷُ྾ਐలͷ༷ࢠɽ

ް 10mmʢmodel 10-3ʣͷ߹ɽ(a)-(c) Ұُ࣍྾ʹΑΔେ͖ͳηϧߏͷܗ,

(d), (e) ೋُ࣍྾ʹΑΔηϧͷׂɼ(f) ऴతͳُ྾ύλʔϯɽ࠷

62



0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50
Time t [h]

(i)

(ii)

Av
er

ag
ed

 v
ol

um
et

ric
 w

at
er

 c
on

te
nt

  θ
av

g
[-]

(iii)

ਤ–5.19 ঢ়ُ྾ύλʔϯͷղੳʹ͓͚ΔฏۉମੵؚਫͷมԽɽ

ް 10mmͷ߹ɽ

(i) ɼ࣌ମද໘ͷਫ͕ͳ͘ͳͬͨݧࢼ

(ii) ُ྾ൃੜ࣌ɼ(iii) ُ྾ਐలऴྃ࣌ɽ
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ୈ6ষ ߟ

6.1 ް͕ԠྗͱηϧαΠζʹ༩͑ΔӨڹ

ຊઅͰɼ֦ࢄͱมܗͷ࿈ʹͷΈண͠ɼઃఆΛ୯७Խͯ͠ղੳΛ͏ߦɽ͜ͷ୯७Խͨ͠

ઃఆʹΑΓɼُ྾ʹΑͬͯܗ͞ΕΔಛతͳηϧαΠζʢ͞εέʔϧʣͱްͱͷؒʹཧత

తʹଊ͑Δ͜ͱ͕Ͱ͖ΔΑ͏ʹͳΔɽ؍ੜ͡ΔཁҼΛ͕ؔ

ഁյΛྀͣͤߟɼ֦ࢄͱมܗͷ࿈ʹͷΈண͢Δ͜ͱͰ୯७Խͨ͠ઃఆҎԼͷΑ͏ʹͳΔɽ

ද- 6.1ʹࣔ͢Α͏ʹɼް͞ͱԣஅ໘αΠζ͕ҟͳΔෳͷํମྖҬΛ͑ߟΔɽਤ- 6.1ɼ͜ΕΒͷ

ղੳྖҬʹର͢Δڞ௨ͷࣜਤΛɼରԠ͢Δ࠲ඪ͓ܥΑͼڥք݅ͱͱʹ͍ࣔͯ͠Δɽਤ- 6.1ʹࣔ͢

Α͏ʹɼํମղੳྖҬͷఈ໘ͷมҐ߆ଋ͞Ε͓ͯΓɼଞͷڥք໘ͷมҐ߆ଋ͞Ε͍ͯͳ͍ɽ·ͨɼ

ਫͷৠൃ্໘͔ΒͷΈ͜ىΔͷͱ͠ɼଞͷڥք໘ৠൃͷͳ͍ flux-freeڥքͱͯ͠ઃఆ͢Δɽ͜

ͷΑ͏ͳઃఆʹΑΓɼʮఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷਫৠൃʹΑͬͯɼഁյ͕ͳ͍ํମঢ়ݧࢼମ

ʹੵ͞ΕΔԠྗʯΛଊ͑Δ͜ͱ͕Ͱ͖Δɽ͜ͷఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷৠൃʹΑΔԠྗͷੵ

ɼס૩ُ྾ͷൃੜͷ࠷جຊతͳϝΧχζϜͰ͋Δɽ

Ҏ্ͷઃఆͷͱɼද- 6.1ʹࣔ͢Ϟσϧʹ͍֦ͭͯࢄͱมܗͷ࿈ղੳΛ͜͏ߦͱͰɼղੳྖҬ

ͷԠྗͷมԽΛಘΔɽύϥϝʔλɼද- 5.2ʹࣔ͢ঢ়ُ྾ύλʔϯʹؔ͢Δղੳͱಉ༷ͷͷ

Λ༻͍Δɽ͜ͷղੳʹΑΓɼྖҬαΠζʢi.e., ͷް͞ͱԣஅ໘αΠζʣ͕ɼਫ֦ࢄʹΑΔԠྗͷൃ

ΛධՁ͢Δ͜ͱ͕Ͱ͖Δɽڹ༩͑ΔӨʹݱ

·ͣɼԣஅ໘αΠζ͕ 100mm × 100mmͰް͕ҟͳΔϞσϧʢද- 6.1ͷmodel 1 - model 4ʣʹ

͓͚Δղੳ݁ՌΛൺֱ͢Δ͜ͱͰɼް͕Ϟσϧʹੵ͞ΕΔԠྗʹରͯ͠༩͑ΔӨڹΛධՁ͢Δɽ

ৠൃϞσϧ্໘ʹݶఆ͞Ε͍ͯΔͨΊɼਫͱͦΕʹରԠͨ͠ס૩ऩॖྔ xy-ฏ໘ʹ͓͍ͯ

ҰͱͳΔɽ·ͨɼࣜۉ (2.6)ʹࣔ͢Α͏ʹɼס૩ऩॖͻͣΈ εsମੵͷΈΛͭɽ͕ͨͬͯ͠ɼ͜

ͷʹ͓͍ͯɼxy-ฏ໘ͰͷԠྗ σxx ΛԠྗͷࢦඪͱͯ͠༻͍Δ͜ͱ͕Ͱ͖Δɽ
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ද–6.1 ֤ղੳϞσϧͷް͞ͱԣஅ໘αΠζ

L T Model No. ཁૉ અ

100mm

5mm model 1 160,732 32,802

10mm model 2 278,337 51,726

20mm model 3 309,509 55,304

30mm model 4 347,551 61,146

50mm
5mm model 5 68,724 13,949

10mm model 6 90,259 17,120

25mm
5mm model 7 18,868 3,964

10mm model 8 23,156 4,578

12.5mm 5mm model 9 4,571 1,042

͜ͷʹ͓͚ΔయܕతͳମੵؚਫͷͱͦΕʹରԠͨ͠ xz-ฏ໘ͰͷԠྗ σxxͷ

Λਤ- 6.2ʹࣔ͢ɽ͜͜Ͱɼྫͱͯ͠ L = 100mmɼT = 10mmͷϞσϧͷ y = 0ฏ໘ʢਤ- 6.1ͷ࠲ඪ

-ଋ͕ͳ͍߹ʹɼਤ߆ͷఆٛʹै͏ʣʹ͓͚ΔΛࣔ͢ɽఈ໘ͷมҐܥ 6.2 (a) ͷਫʹΑͬ

ͯɼਤ- 6.3 (a)ͷΑ͏ʹݧࢼମΛ͛ۂΔΑ͏ͳס૩ऩॖͻͣΈ͕ܗ͞ΕΔɽ͔͠͠ɼ࣮ࡍʹఈ໘

ͷมҐ߆ଋ͞Ε͍ͯΔͨΊɼਤ- 6.3 (b)ʹࣔ͢Α͏ʹɼݧࢼମͷఈ໘Ҿ͖৳͞Εͭͭݩͷฏ໘ʹ

૩ʹΑΔऩॖͻͣΈʹͯ͠ʮͨסମɼݧࢼฦ͞ΕΔɽͭ·Γɼ͜ͷઃఆʹ͓͚Δ͛ۂ͚ͯ

ΘΈʹରͯ͠࡞ʹٯ༻͢Δ͛ۂʯͱʮఈ໘ͷҾ͖৳͠ʯΛड͚ΔσΟʔϓϏʔϜͱΈͳ͢͜ͱ͕Ͱ͖

Δɽ·ͨɼݧࢼମ্໘ͷத৺ɼྊͷҾ͖৳͞Ε͍ͯΔଆͷεύϯத৺ʹରԠ͓ͯ͠ΓɼݧࢼମͰ

-ҾுྗΛड͚ΔͰ͋Δɽ͜ͷ͜ͱɼਤ͍ڧ࠷ 6.2 (b)ʹࣔ͢ σxxͷ͔ΒΘ͔Δɽ͕ͨͬ͠

ͯɼݧࢼମ্໘ͷத৺ʢਤ- Oʣʹ͓͚Δݪͷܥඪ࠲ࣔ͢ʹ6.1 σxxΛɼ͜ͷͰͷԠྗͷࢦඪͱ

͢Δɽ

ਤ- 6.4ʹɼԣஅ໘͕ 100mm × 100mmͷϞσϧʹ͓͚ΔԠྗͷମੵؚਫʹର͢ΔมԽΛࣔ͢ɽ

͜ͷਤͷԠྗʢݧࢼମ্໘ͷத৺ʹ͓͚Δ σxxʣɼҾுڧʢද- 5.2ʹ͓͚Δ tcʣʹΑͬͯਖ਼ن

Խ͞Ε͍ͯΔɽް͕ҟͳΔϞσϧಉ࢜Λൺֱ͢ΔͱɼԠྗްͷ૿Ճʹ͕͍ͨ͠ݮগ͢Δ͜ͱ͕

͔Δɽ·ͨɼް͕͞ 5mmͱ 10mmʢi.e., ൺֱతബ͍ʣͷϞσϧʹ͓͚ΔԠྗɼ͍ޓʹඇৗʹ
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!"#$%&#'(%)

ਤ–6.1 ୯७Խͨ͠ઃఆԼͰͷղੳʹ͓͚ΔղੳྖҬͱڥք݅ɽ

͍ۙΛͱΓɼͲͪΒମੵؚਫͷݮগʹର͠ઢܗʹ૿Ճ͢Δɽ͜ΕΒͷϞσϧͰɼ্໘ʹ༩͑Β

ΕͨNeumannڥք͔݅Βಋग़͞ΕΔ֦ࢄʢD/w̄ ≃ 40mmʣʹൺް͕ेʹখ͍ͨ͞ΊɼԖ

૩ऩॖྔϞσϧͷް͞શסͳ͢͜ͱ͕Ͱ͖ɼ͜ͷਫʹରԠͨ͠ݟͷਫ΄΅Ұఆͱํ

ମΛ௨ͯ͡΄΅ҰఆͱͳΔɽ͕ͨͬͯ͠ɼݧࢼମͷް͕֦ࢄʹର͠ेখ͘͞ɼബݧࢼମͱΈͳ

ͤΔ߹ʹɼఈ໘ͷมҐ߆ଋͱݧࢼମͷऩॖͱͷͣΕ͕ɼ্໘ͷԠྗੵʹد༩͢Δ།ҰͷཁҼͱͳ

Δɽͭ·Γɼബݧࢼମʹ͓͚Δ֦ࢄɼ֦ࢄͱมܗͷ࿈ʹΑͬͯܗ͞ΕΔԠྗͷࢧతͳ

͞εέʔϧʹͳΓಘͳ͍ɽ͜Ε͕ɼް͕͞ 5mmͱ 10mmͷബϞσϧʹ͓͚ΔԠྗ͕ɼମੵؚਫ

ͷมԽʹର͠ڍͨࣅಈΛࣔ͢ཧ༝Ͱ͋Δɽ

ҰํͰɼ͕ް͍ʢް͕֦ࢄʹ͍ۙΛͱΔʣϞσϧͰɼఈ໘ͷมҐ߆ଋ্͕໘ͷԠྗʹ༩

͑ΔӨڹখ͘͞ͳΓɼΘΓʹɼԖํͷਫͷมԽ্͕໘ͷԠྗͷܾఆʹର͠ॏཁͳׂ

ΛՌͨ͢Α͏ʹͳΔɽ͜ͷ͜ͱɼਤ- 6.4ʹࣔ͢ް͞ 30mmͷϞσϧͷϓϩοτ͔Β͔Δɽਤ- 6.5

ɼ͜ͷઃఆʹ͓͚ΔԖํͷਫͷܗঢ়Λࣜతʹදͨ͠ͷͰ͋Δɽॳظஈ֊ʹ͓͍ͯɼ

ೋؔ࣍తͳܗঢ়ɼͦͷҰ͕ఈ໘ʹ౸ୡ͢Δ·ͰมԽ͍ͯ͘͠ʢਤ- 6.5 (a)-(c)ɿաঢ়ଶʣɽ

ͦͷޙɼԖํͷਫఆৗঢ়ଶͱͳΓɼͦͷܗঢ়Λҡͨ࣋͠··ਫฏํʹҠಈ͠ɼશମ

ͷਫྔ͕ݮগ͍ͯ͘͠ʢਤ- 6.5 (c)-(e)ʣɽਤ- 6.4ͷް͞ 30mmͷϞσϧͷϓϩοτʹ͓͍ͯɼମੵؚ

ਫͷݮগʹै͍Ԡྗ͕૿ՃΛࣔ͢ஈ֊ɼԖํͷਫܗঢ়͕աঢ়ଶʢਤ- 6.5 (a)-(c)ʣ

ʹ͋Δஈ֊ʹରԠ͢ΔɽҰํͰɼਤ- 6.4ͷް͞ 30mmͷϞσϧͷϓϩοτͷऩଋஈ֊ɼԖํͷ
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[MPa]

(a)

(b)

ਤ–6.2 యܕతͳମੵؚਫͷͱରԠͨ͠ xz-ฏ໘ͰͷԠྗ σxxͷɽ

L = 100mmɼT = 10mmͷϞσϧʹ͓͚Δ y = 0ฏ໘ɽ

(a) ମੵؚਫͷɼ(b) σxxͷɽ

ਫܗঢ়͕ఆৗঢ়ଶʢਤ- 6.5 (c)-(e)ʣʹ͋Δஈ֊ʹରԠ͢Δɽ͜ͷऩଋஈ֊Ͱɼਫྔͷݮগʹ

͍ݧࢼମશମ͕ऩॖ͍ͯ͠ΔʹؔΘΒ্ͣ໘ͷԠྗ૿Ճ͍ͯ͠ͳ͍ɽ͜ͷ͜ͱ͔Βɼްݧࢼମ

Ͱɼఈ໘ͷมҐ߆ଋ্͕໘ͷԠྗੵʹର͠༩͑ΔӨڹඇৗʹখ͘͞ɼ֦ࢄʢD/w̄ʣ্͕໘ͷԠ

ྗʹؔ͢Δࢧతͳ͞εέʔϧʹͳΔͱ͍͏͜ͱ͕Ͱ͖Δɽ

-ɼԣஅ໘αΠζ͕ҟͳΔϞσϧʢදʹ࣍ 6.1ͷmodel 1, 2, 5 - 9ʣʹ͓͚Δղੳ݁ՌΛൺֱ͢Δ͜ͱ

ʹΑͬͯɼηϧͷׂ͕Ԡྗʹର͠༩͑ΔӨڹΛ͢ߟΔɽ࠷ॳʹɼް͞Λ 5mmʹݻఆͨ͠Ϟσϧͷ

ʢද- 6.1ͷmodel 1, 5, 7, 9ʣΛ͑ߟΔɽਤ- 6.6ʹɼް͞ 5mmͷϞσϧʹ͓͚ΔԠྗͷମੵؚਫ

ʹର͢ΔมԽΛࣔ͢ɽ͜ͷਤͷԠྗʢݧࢼମ্໘ͷத৺ʹ͓͚Δ σxxʣɼҾுڧʢද- 5.2ʹ͓

͚Δ tcʣʹΑͬͯਖ਼نԽ͞Ε͍ͯΔɽ͞Βʹɼް͞Λ 10mmʹݻఆͨ͠Ϟσϧͷʢද- 6.1ͷmodel 2,

6, 8ʣΛ͑ߟɼͦΕΒͷϞσϧʹ͓͚Δਖ਼نԽ͞ΕͨԠྗͷମੵؚਫʹର͢ΔมԽΛਤ- 6.7ʹࣔ͢ɽ

ਤ- 6.6ͱਤ- 6.7ʹ͓͍ͯɼްʹؔΘΒͣɼϞσϧͷԣஅ໘αΠζͷݮগʹ͕͍ͨ͠Ԡྗ͕ݮগ

͍ͯ͠Δ͜ͱ͕͔Δɽͭ·ΓɼηϧͷׂʹΑΔηϧԣஅ໘ͷαΠζݮগɼηϧͷԠྗΛԼ

ͤ͞Δɽਤ- 6.8ʹɼް͞ 10mmͰԣஅ໘αΠζ͕ҟͳΔϞσϧʹ͓͍ͯɼମੵؚਫ͕ 0.30ͷ࣌Ͱ

ͷԠྗʢਤ- 6.1ʹ͓͚Δ y = 0ฏ໘Ͱͷ σxxͷʣΛࣔ͢ɽ͜ͷਤ͔ΒɼϞσϧଆ໘ͷࣗ༝ڥք

ۙͰԠྗͷ૿Ճ͕গͳ͘ɼԣஅ໘αΠζͷݮগʹ͍͜ͷࣗ༝ڥքͷӨ্͕ڹ໘ͷத৺ۙʹ·Ͱ
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(a) (b)

ਤ–6.3 ʮͨΘΈʹରͯ͠࡞ʹٯ༻͢Δ͛ۂʯͱʮఈ໘ͷҾ͖৳͠ʯΛड͚͍ͯΔσΟʔϓ

ϏʔϜɽ

গ͢ΔϝΧχζϜͰ͋ΔɽݮͿΑ͏ʹͳΔ͜ͱ͕͔Δɽ͜Ε͕ɼηϧͷׂʹΑͬͯԠྗ͕ٴ

Ҏ্ʹࣔͨ͠ɼ֦ࢄͱมܗͷ࿈ʹͷΈணͨ͠ղੳͷ݁ՌʹΑΓɼݧࢼମͷްͱԣஅ໘αΠζɼ

ఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷৠൃʹΑͬͯੜ͡ΔԠྗͷڧʹେ͖ͳӨڹΛ༩͑Δ͜ͱ͕͔Δɽਤ- 6.4

ʹࣔͨ͠ްͷ૿Ճʹ͏Ԡྗͷݮগɼ͓Αͼਤ- 6.6, 6.7, 6.8ʹࣔͨ͠ηϧͷׂʹ͏Ԡྗݮগ

͕ɼס૩ُ྾ύλʔϯʹ͓͍ͯްʹԠͨ͡ಛతͳ͞εέʔϧ͕ܗ͞ΕΔओͳཧతཁҼͰ͋Δ

ͱ͑ߟΒΕΔɽ

͔͠͠ͳ͕Βɼਤ- 6.8ʹࣔͨ͠ԠྗʢηϧͷڥքۙͷԠྗ͕ηϧͷத৺ۙʹൺ͍ͯʣ

ʹ͠ɼ࣮ݧͰηϧͷڥք͔Β৽ͨͳُ྾͕ൃੜ͢Δɽ͕ͨͬͯ͠ɼຊઅͰࣔͨ͠ɼఈ໘ͷมҐ߆ଋ

ͱ্໘͔ΒͷۉҰͳৠൃʹΑΔԠྗൃੜͷϝΧχζϜ͚ͩͰ࣮࣮ࣄݧΛेʹઆ໌Ͱ͖͓ͯΒͣɼη

ϧͷڥքۙͰҾுԠྗΛ૿Ճͤ͞ΔΑ͏ͳଞͷϝΧχζϜ͕ଘ͢ࡏΔͣͰ͋ΔɽຊจͰɼ͜ͷ

Α͏ͳηϧͷڥքۙͰͷԠྗ૿Ճʹର͠ɼηϧͷܗաఔʹ͓͚Δُ྾໘͔Βͷৠൃ͕ॏཁͳׂΛ

Ռ͍ͨͯ͠Δͱͨ͑ߟɽ࣍અͰɼُ྾໘͔Βͷৠൃ͕༩͑ΔӨࡉৄͯؔ͠ʹڹͳٞΛ͏ߦɽ
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(a) 

(b) 

(c) 

[MPa]

ਤ–6.8 T = 10mmͰ L͕ҟͳΔϞσϧʹ͓͚ΔԠྗʢਤ- 6.1ʹ͓͚Δ y = 0ฏ໘ʣɽ
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6.2 ُ྾໘͔Βͷৠൃ͕ԠྗͱηϧαΠζʹ༩͑ΔӨڹ

ଘͷղੳϞσϧͷଟ͘ɼϞσϧΛ୯७Խ͢ΔͨΊʹُ྾໘͔Βͷৠൃطʹର͢Δݱ૩ഁյס

ແࢹͰ͖ΔͷͱԾఆ͍ͯͨ͠ 34,36,37,50,51,57–59)ɽઌڀݚߦʹ͓͚Δס૩ഁյ࣮ݧͰɼݧࢼମશ

ମͰฏۉԽ͞Εͨਫৠൃُ྾໘ͷʹ΄΅Ө͞ڹΕͳ͍ͱ͢ΔσʔλΛ͍ࣔͯ͠Δͷ͋

Γ 14,58,60)ɼُ྾໘͔ΒͷৠൃແࢹͰ͖Δͱ͢ΔԾఆͷଥੑΛࣔࠜ͢ڌͱͳ͍ͬͯΔɽҰํͰɼُ

྾໘ͷܗৠൃʹେ͖ͳӨڹΛ༩͑Δͱ͢Δ࣮ݧσʔλ͋Γ 20)ɼُ࣮͍ͯͮجʹ࣮ࣄݧ྾໘͔

ΒͷৠൃΛແ͢ࢹΔ͜ͱͷଥੑΛ͢ূݕΔ͜ͱ͍͠ɽ

͔͠͠ͳ͕Βɼס૩ഁյݱʹ͓͚Δُ྾։ޱ෯খ͘͞ɼُ྾։ޱ෦ʹ͓͚Δৠؾͷ͍ߴ

͜ͱ͔Βɼُ྾໘͔Βͷৠൃྔࣗ༝ڥք໘ʹൺগͳ͍ͱ͑ߟΒΕΔɽ·ͨɼُ྾໘ͷ૯໘ੵࣗ༝

Խ͞Εͨৠൃྔʯʹରُͯ͠྾໘͔ΒͷৠۉମશମͰฏݧࢼք໘ʹൺͯখ͍͜͞ͱΛ౿·͑Δͱɼʮڥ

ൃͷӨڹΛແ͢ࢹΔ͜ͱेʹଥͰ͋Δͱ͍͑Δɽ࣮ࡍɼঢ়ُ྾ύλʔϯͷղੳʹ͓͚Δ

ฏۉମੵؚਫͷมԽʢਤ- 5.19ʣ͓ΑͼɼࢎΧϧγϜΛ༻͍ͨס૩ഁյ࣮ݧʹ͓͚Δฏۉମੵؚ

ਫͷมԽʢਤ- 5.9ʣͰɼُ྾໘ͷܗޙମੵؚਫͷݮগྔʹมԽͳ͍ɽ͔͠͠ɼہॴతͳԠ

ྗɼͨͱ͑ৠൃྔগͳ͘ͱɼُ྾໘͔ΒͷৠൃʹΑ͍ͬͯڧӨڹΛड͚Δɽͭ·Γɼُ྾ઌ

ُ྾໘ۙͰɼُ྾໘͔ΒͷৠൃʹΑͬͯऩॖͻͣΈʹۭؒޯ͕ੜ͡ɼԠྗͷ͞ڧͱ͕େ͖

͘มԽ͢ΔɽຊઅͰɼηϧͷܗաఔʹ͓͚ΔମੵؚਫͷΛੳ͢Δ͜ͱͰɼُ྾໘͔Βͷৠ

ൃ͕Ԡྗʹ༩͑ΔӨߟͯؔ͠ʹڹΛ͍ߦɼُ྾໘͔Βͷৠൃُ͕྾ύλʔϯܗʹରͯ͠Ռͨ͢

ׂΛ໌Β͔ʹ͢Δɽ

ਤ- 6.9ʹɼਤ- 5.18ͷ֤࣌Ͱͷُ྾ύλʔϯʹରԠͨ͠ݧࢼମ্໘Ͱͷମੵؚਫ θͷΛࣔ͢ɽ

૩͕ਐΉʹͭΕͯମੵؚਫס θͷฏ͕ۉԼ͕͍ͬͯͨ͘Ίɼ͜͜Ͱίϯλʔͷ෯Λମੵؚਫͷࠩ

Ͱ 0.05ʹ౷Ұ͠ɼθͷݮগʹ͍ίϯλʔͷԼݶ θmin ΛมԽͤ͞Δ͜ͱͰɼ֤࣌Ͱͷͷҧ͍

͚ͩΛநग़ͨ͠ɽମੵؚਫʢͱͦΕʹରԠͨ͠ס૩ऩॖͻͣΈʣɼηϧڥքʢi.e., ُ྾໘ʣ͔Βͷ

ৠൃʹΑ֤ͬͯηϧͰಉ৺ԁঢ়ͷΛܗ͢Δɽͭ·Γɼ֤ηϧͷத৺෦Ͱମੵؚਫ θ͕͘ߴ

ͳΓɼηϧͷڥքʹݮ͔ͯͬগ͍ͯ͘͠ɽ͜ͷಉ৺ԁঢ়ͷମੵؚਫͷʹΑΓɼ͚ʹํܘ

ͯ૿Ճ͢Δಉ৺ԁঢ়ͷס૩ऩॖͻͣΈ͕ܗ͞ΕΔɽ͜ͷס૩ऩॖͻͣΈɼηϧͷத৺ۙʹൺ

ηϧڥքۙͷํ͕େ͖͘ऩॖ͢Δ͜ͱΛ͓ࣔͯ͠Γɼ૿͚ͯʹํܘՃ͢Δಉ৺ԁঢ়ͷϑʔϓ

ԠྗΛܗ͢Δ 84)ɽ͜ͷϑʔϓԠྗɼಉ৺ԁঢ়ͷਫͷԁपํʹಇ͘ҾுԠྗͰɼηϧڥք

ʹಇ͘ϑʔϓԠྗͷ͞ڧɼηϧத৺ͱηϧڥքͷऩॖྔͷࠩʹΑܾͬͯఆ͞ΕΔɽ͕ͨͬͯ͠ɼ࠷େ
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ϑʔϓԠྗηϧͷαΠζͱମੵؚਫͷۭؒޯʹґଘ͢Δɽ

աͳϑʔϓԠྗɼηϧڥք͔Βൃੜ͠ηϧத৺ʹ͚ͯਐల͢Δُ྾Λܗ͢Δɽਤ- 6.9 (a),

(c), (d)ͷ͍ԁʹࣔ͢Α͏ʹɼ͢Ͱʹܗ͞Εͨηϧηϧڥք͔Βηϧத৺ʹُ͏͔྾ʹΑͬͯ

ׂ͞Ε͍ͯ͘ɽ͜ͷηϧׂͷաఔɼࢎΧϧγϜͷס૩࣮ݧʹ͓͚Δ࣮ࣄ؍ͱҰக͢Δɽͭ

·Γɼُ྾໘͔ΒͷৠൃɼରԠͨ͠ס૩ऩॖͻͣΈ͕Ϟʔυ Iُ྾ͷ։ޱΛଅਐ͢Δͱ͍͏ҙຯʹ͓

͍ͯɼُ྾ઌͷԠྗʹର͠ਖ਼ͷϑΟʔυόοΫޮՌΛͭͱ͍͑Δɽ͜ͷϑΟʔυόοΫޮՌס

૩ُ྾ͷ҆ఆతͳΛଅ͢ɽ

ຊઅͰͷ͓ٞΑͼલઅʹड़ͨްʹؔ͢Δ͔ٞΒɼס૩ഁյݱʹ͓͚ΔԠྗͷൃੜཁҼɼ

ʮڥք໘ͷมҐ߆ଋͱݧࢼମશମͷऩॖͷͣΕʯͱʮෆۉҰͳਫʹ͏ס૩ऩॖͻͣΈͷۭؒޯ

ʯͰ͋Δͱ͍͏͜ͱ͕Ͱ͖Δɽ·ͨɼס૩ഁյݱʹ͓͚ΔԠྗʢͻͣΈΤωϧΪʔʣͷղ์ɼُ

྾ʹΑΔηϧׂʹΑͬͯߦΘΕɼ࠷େҾுԠྗ͕ࡐྉڧΛԼճΔ·Ͱηϧͷׂ͕܁Γฦ͞ΕΔɽ

͜ͷͱ͖ɼηϧׂͷׂܗঢ়ʢُ྾ܦ࿏ʣͷܾఆʹॏཁͳׂΛՌͨ͢ͷ͕ɼُ྾໘͔ΒͷৠൃͰ͋

ΔɽҎ্ͷΑ͏ͳஈ֊త͔ͭ֊తͳԠྗղ์աఔʹΑͬͯɼ࠷ऴతʹಛతͳ͞εέʔϧΛُͭ

྾ύλʔϯ͕ܗ͞ΕΔͱ͑ߟΔ͜ͱ͕Ͱ͖Δɽ
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(a) (b)

(c) (d)

(e) (f)

ਤ–6.9 ਤ- 5.18ͷ֤࣌Ͱͷُ྾ύλʔϯʹରԠͨ͠ݧࢼମ্໘Ͱͷମੵؚਫ θͷɽɹ

(a) θmin = 0.30, (b) θmin = 0.29, (c) θmin = 0.28, (d) θmin = 0.27, (e) θmin = 0.25,

(f) θmin = 0.19.
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ୈ7ষ ݁

ຊจͰɼס૩ഁյݱΛɼࡐྉͷਫ֦ࢄɼࡐྉͷมܗɼࡐྉͷഁյͱ͍͏ 3ͭͷϑΝϯμϝ

ϯλϧͳཧݱ͔ΒΓཱͭϚϧνϑΟδοΫεͷͰ͋Δͱ͑ߟɼס૩ഁյݱʹ͓͚Δُ྾ύ

λʔϯܗͷʹର͠ɼ֦ࢄɾมܗɾഁյͷ࿈ϞσϧΛఏҊͨ͠ɽ

ຊڀݚͷ࿈ϞσϧɼྖҬͷਫ֦ࢄ͕ҰఆͰਫҠಈʹ͓͚Δॏྗ߲ͷӨ͕ڹແࢹͰ͖Δ

Α͏ͳൺֱతബ͍ࡐྉΛɼํతͳಁਫੑΛ࣭ͭۉઢܗੑମͱͯ͠ϞσϧԽ͢Δ͜ͱͰߏ͞Εͯ

͍Δɽ࿈Ϟσϧͷશͯͷ໘ʢi.e., ঢ়ʣܗԿزք݅ɺղੳྖҬͷڥਫɼظྉͷྗֶతੑ࣭ɼॳࡐ

ʹ͓͍ͯዞҙతͳ͞εέʔϧҰಋೖ͍ͯ͠ͳ͍ʹؔΘΒͣɼ͜ͷ࿈Ϟσϧʹ͍ͨͮجղ

ੳͰɼס૩ُ྾ύλʔϯͷجຊతͳಛʢi.e., ُ྾ͷঢ়ߏɼಛతͳ͞εέʔϧΛͭଟ֯ܗ

ηϧͷܗɼްʹԠͨ͡ಛతͳ͞εέʔϧͷมԽʣͱͦͷܗաఔΛ͢ݱ࠶Δ͜ͱ͕Ͱ͖ͨɽ͜

ΕΒͷ݁ՌΛࢎΧϧγϜʹΑΔס૩࣮ݧͷ݁Ռͱൺֱͨ͠ͱ͜Ζɼُ྾ύλʔϯͷ۩ମతܗঢ়ʢi.e.,

Α͓աఔͷఆੑతܗͱͦͷߏ࿏ʣҟͳΔ͕ɼُ྾ͷঢ়ܦɼُ֤྾ͷਐలܗʑͷηϧͷݸ

ͼُ྾ύλʔϯͷಛతͳ͞εέʔϧʢi.e., ηϧαΠζʣྑʹҰகͨ͠ɽ͜ͷ͜ͱ͔ΒఏҊͨ͠

Ϟσϧ͓Αͼղੳख๏ɼಛతͳ͞εέʔϧΛُͭ྾ύλʔϯͱͦͷۭؒ࣌֊ߏ͕ɼ

શʹ࣭ۉͳॳظঢ়ଶ͔Βൃ͞ΕΔաఔΛ͢ݱ࠶ΔͨΊͷجຊతͳΈΛ༗͍ͯ͠Δͱ͍͑Δɽ

͞ΒʹɼྖҬαΠζͱُ྾໘͔Βͷৠൃ͕Ԡྗʹରͯ͠༩͑ΔӨڹʹண͠ɼಛతͳ͞εέʔ

ϧΛͭଟ֯ܗηϧ͕ࣗൃతʹܗ͞ΕΔཧతཁҼʹؔͯ͠ߟΛͨͬߦɽຊจͰɼԠྗͷൃݱ

ʹର͠ݧࢼମͷްͱԣஅ໘αΠζ͕༩͑ΔӨڹΛଊ͑ΔͨΊɼ֦ࢄͱมܗͷ࿈ʹओ؟Λ͓͘͜ͱͰ

ઃఆΛ୯७Խͨ͠ղੳΛͨͬߦɽ͜ͷղੳʹΑͬͯɼްͷ૿Ճͱηϧͷׂ͕ʢݧࢼମ

ఈ໘ͷมҐ߆ଋͱ্໘͔ΒͷৠൃʹΑͬͯੵ͞ΕΔʣԠྗΛͤ͞ݮΔ͜ͱΛࣔͨ͠ɽ·ͨɼ

ղੳʹΑͬͯಘΒΕͨηϧͷܗաఔʹ͓͚ΔਫΛ͢ূݕΔ͜ͱͰɼُ྾໘͔ΒͷৠൃʹΑΔಉ

৺ԁঢ়ͷਫ͕֤ηϧʹ͓͍ͯϑʔϓԠྗΛൃੜ͍ͤͯ͞Δ͜ͱΛ໌Β͔ʹͨ͠ɽ͜ͷϑʔϓԠྗ

ɼُ྾ܦ࿏ͷܾఆʹ͓͍ͯॏཁͳׂΛՌ͍ͨͯ͠Δɽ͕ͨͬͯ͠ɼס૩ʹΑΔෆۉҰͳମੵऩॖʢऩ
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ॖͻͣΈͷۭؒޯʣͷՁհُ͕ྗࡏ྾ͷۦಈྗͰ͋ΓɼηϧׂʹΑΔԠྗͷݮɾղ์ϓϩηε

͕ಛతͳ͞εέʔϧΛُͭ྾ύλʔϯΛܗ͢Δͱ͍͏͜ͱ͕Ͱ͖Δɽ

Ҏ্ͷղੳ݁Ռ͓Αͼ͔ߟΒɼಛతͳ͞εέʔϧΛͭଟ֯ܗηϧͷࣗൃతܗʹؔ͢Δ

ͷ࿈ݱɾഁյͷ࿈ʹ͋Δͱ͚݁ͮΔ͜ͱ͕Ͱ͖ΔɽΑͬͯɼʮෳͷཧܗɾมࢄతཁҼ֦ࢧ

͕ಛతͳ͞εέʔϧΛܾఆ͢Δʯͱ͍͏ຊจͰఏҊͨ͠Ծઆͷଥੑ͕ɼͦͷ͞εέʔϧ͕

ൃ͢ΔաఔؚΊͯࣔ͞Εͨͱ͍͑ΔɽݱΛߏ͢Δݸʑͷࢧํఔࣜʢi.e., ఔࣜͱྗͷͭํࢄ֦

Γ͍͋ࣜʣ͕εέʔϧෆมੑΛͭ͜ͱΛ౿·͑Δͱɼ͜ͷ݁ʮεέʔϧෆมੑΛͭࢧํఔࣜ

ͷ૬࡞ޓ༻ʹΑ࣭ͬͯۉͳ͔Βಛతͳ͞εέʔϧΛܾఆͰ͖Δʯ͜ͱΛҙຯ͍ͯ͠Δɽ͜Ε͕ɼ

๏ଇͰ͋Δɽࢧ௨ͷڞΔ͢ࡏଘʹޙͷഎܗʹ͓͚Δُ྾ύλʔϯݱ૩ഁյס

·ͨɼຊڀݚͰɼఏҊͨ͠࿈ϞσϧΛղੳͰѻ͏ʹ͋ͨΓɼPDS-FEMͷס૩ऩॖΛ͏

ͷ֦ுͱɼഁյ໘ͷӨڹΛ֦ࢄϚοϐϯά͢Δख๏ͷ։ൃΛͨͬߦɽPDS-FEMͷס૩ऩॖΛ

͏ͷ֦ுͰɼෆۉҰͳඇੑมܗͷՁհྗࡏͱͦͷՁհྗࡏʹΑͬͯੜ͡ΔੑมܗͷධՁ

ํ๏ΛఏҊ͢Δ͜ͱͰɼࡐྉͷੑมܗͱഁյʹΑΔෆ࿈ଓͳมҐΛѻ͏ͨΊͷղੳख๏Ͱ͋ͬ

ͨ PDS-FEMΛɼੑมܗͱඇੑม͢ࡏ͕ࠞܗΔʹ͓͚Δഁյݱͱద༻͢Δ͜ͱΛՄʹͨ͠ɽ

͞ΒʹɼPDS-FEMͱ༗ݶཁૉ๏ʹΑΔڧ࿈ղੳͱऑ࿈ղੳΛ͍͚Δ͜ͱͰɼ֦ࢄͱഁյͱ͍

͏ɼ࣌ఆʹ 10ܻҎ্ͷ։͖͕͋Δཧݱͷ࿈Λ࣮ͨ͠ݱɽ͜ΕΒͷղੳख๏ɼס૩ऩॖͷ

ΈͳΒͣு/ऩॖΛ͏ଞͷϚϧνϑΟδοΫεͷʹద༻Ͱ͖ΔͷͰ͋ΓɼίϯΫϦʔ

τࡐྉཧڧԽΨϥεɼ༹ؠͷྫྷ٫աఔͰੜ͡Δபঢ়અཧʹ͓͚Δُ྾ύλʔϯಉ༷ͷख๏ʹΑͬ

ͯղੳͰ͖Δͱ͑ߟΒΕΔɽ

ຊڀݚͷޙࠓͷ՝ɼଞͷ༷ʑͳࡐྉɾ݅ʹ͓͚Δס૩ُ྾ύλʔϯʹ࣮͓ؔͯ͠ݧΑͼղ

ੳΛ͏ߦͱͱʹɼڥք໘ͷӨ͕ڹͳ͍ཧతͳແྖݶҬʹ͓͍ͯൃ͞ΕΔ͞εέʔϧʹؔͯ͠ཧ

తͳߟΛ͜͏ߦͱͰɼס૩ُ྾ύλʔϯͷ͞εέʔϧΛࢧ͢ΔύϥϝʔλͷൺΛܾఆ͢Δ͜

ͱͰ͋Δɽ͜ΕΛ౿·͑ɼຊจͰࣔͨ͠ύλʔϯܗͷࢧ๏ଇΛଞͷϚϧνϑΟδοΫε͓Αͼύ

λʔϯܗͷʹద༻Ͱ͖ΔҰൠతͳํ๏ͱ֦ு͢Δ͜ͱ͕ຊڀݚͷ࠷ऴతͳ՝Ͱ͋Δɽ
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A.1 ͷಋग़ࣜܗࢄքͷڥظΔॳؔ͢ʹࢄ֦

ࣜ (2.3a)ʹԾม δθΛ͔͚ͯɼΩͰશମੵ͢Δͱɼ

∫

Ω
δθθ̇dV =

∫

Ω
δθ(D∇2θ)dV ∀δθ (A.1)

ͱͳΓɼ͜Εʹ GaussͷൃࢄఆཧΛద༻͢Δͱɼ

∫

Ω
(δθθ̇ +D∇δθ∇θ) dV =

∫

Ω
∇ · (Dδθ∇θ) dV

=

∫

∂Ω
δθD

∂θ

∂n
dS +

∫

Γ
δθD

∂θ

∂n
dS

= −
(∫

∂Ωw

δθ w̄ dS +

∫

Γ
δθ v̄ dS

)
(A.2)

ͱͳΔɽྖҬ Ω͕ Delaunay࢛໘ମ Ψβ Ͱׂ͞Ε͍ͯΔͱ֤ͯ͠ྖҬΛ͠߹ΘͤΔͱɼ

M∑

β=1

∫

Ψβ

(δθθ̇ +D∇δθ∇θ) dV = −

⎛

⎝
M∑

β=1

∫

∂Ω̂w∩Ψβ

δθw̄ dS +
M∑

β=1

∫

Γ′∩Ψβ

δθv̄ dS

⎞

⎠ (A.3)

ͱͳΔɽ

ࣜ (A.3)ʹΨϥʔΩϯ๏Λద༻͢Δͱɼθɼδθɼw̄ɼv࢛̄໘ମҰ࣍ཁૉʹ͓͚Δܗঢ়ؔNβα Λ༻
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͍ͯ β ൪ͷཁૉͰ࣍ͷΑ͏ʹࢄԽ͞ΕΔɽ

θ =
N∑

α=1

Nβαθα (A.4)

δθ =
N∑

α=1

Nβαδθα (A.5)

w̄ =
N∑

α=1

Nβαw̄α (A.6)

v̄ =
N∑

α=1

Nβαv̄α (A.7)

Αͬͯɼࣜ (A.3)࣍ͷΑ͏ʹมܗͰ͖Δɽ

M∑

β=1

(
N∑

α=1

N∑

γ=1

∫

Ψβ

ɹ (Nβα)
T
Nβγ dV δθαθ̇γ

)
+

M∑

β=1

(
N∑

α=1

N∑

γ=1

∫

Ψβ

Dβ(∇Nβα)
T∇Nβγ dV δθαθγ

)

= −
M∑

β=1

(
N∑

α=1

N∑

γ=1

∫

∂Ω̂w∩Ψβ

(Nβα)
T
Nβγ dS δθαw̄γ

)
−

M∑

β=1

(
N∑

α=1

N∑

γ=1

∫

Γ′∩Ψβ

(Nβα)
T
Nβγ dS δθαv̄γ

)

⇔
N∑

α=1

N∑

γ=1

(
Mαγ θ̇γ

)
δθα +

N∑

α=1

N∑

γ=1

(Aαγθγ) δθα = −
N∑

α=1

N∑

γ=1

(W αγw̄γ) δθα −
N∑

α=1

N∑

γ=1

(V αγ v̄γ) δθα

⇔
N∑

γ=1

(
Mαγ θ̇γ +Aαγθγ

)
= −

N∑

γ=1

(W αγw̄γ + V αγ v̄γ) (A.8)

ͱͳΓɼࣜ (2.31a)ʹؼண͢Δɽ
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A.2 PDS-FEMʹ͓͚Δഁյύλʔϯ

Delaunay ໘ମཁૉ࢛ 4 ͭͷ Voronoi ϒϩοΫ͔Βߏ͞Ε͓ͯΓɼVoronoi ϒϩοΫͷͱ

Delaunay࢛໘ମͷ͕Ұக͢Δɽ·ͨɼDelaunay࢛໘ମͷVoronoiϒϩοΫڥք໘ɼਤ- A.1 ʹ

ࣔ͢Α͏ʹ 6໘ଘ͢ࡏΔɽPDS-FEMͰVoronoiϒϩοΫΦα͕ͦΕͧΕ߶ମมҐ͠ɼഁ յ໘Voronoi

ϒϩοΫͷڥք໘ͱͳΔɽຊจͰɼཁૉͷෳճഁյྀ͠ߟͳ͍ɽͭ·ΓɼҰഁյ͞Εͨཁૉ

͕͞Βʹഁյ͞ΕΔ͜ͱͳ͍ͱ͢Δɽ͜ͷͱ͖ɼഁյύλʔϯ 1ͭͷ VoronoiϒϩοΫ͕ଞͷ 3ͭ

ͷϒϩοΫ͔Β͢Δύλʔϯͱɼ2ͭͣͭͷVoronoiϒϩοΫʹ͢Δύλʔϯʹ͚ΒΕΔɽ͜

͜ͰલऀΛύλʔϯ 1ɼऀޙΛύλʔϯ 2ͱ͢Δɽ͋Δ Delaunay࢛໘ମ͕ 4ͭͷ VoronoiϒϩοΫ

A,B,C,D͔Βߏ͞Ε͍ͯΔͱ͢Δͱɼύλʔϯ 1ͰAͱ BCDɼBͱACDɼCͱABDɼDͱABC

ͷ 4ɼύλʔϯ 2Ͱ ABͱ CDɼACͱ BDɼADͱ BCͷ 3ͷܭ 7ͷϒϩοΫͷΈ߹Θ͕ͤ

ଘ͢ࡏΔɽ֤ഁյύλʔϯɼਤ- A.2 ͷ௨ΓͰ͋Δɽ

ਤ–A.1 VoronoiϒϩοΫڥք໘ɽ
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(a) ύλʔϯ 1ɿAͱ BCDͷΈ (b) ύλʔϯ 1ɿBͱ ACDͷΈ

(c) ύλʔϯ 1ɿCͱ ABDͷΈ (d) ύλʔϯ 1ɿDͱ ABCͷΈ
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(e) ύλʔϯ 2ɿABͱ CDͷΈ (f) ύλʔϯ 2ɿACͱ BDͷΈ

(g) ύλʔϯ 2ɿADͱ BCͷΈ

ਤ–A.2 Delaunay࢛໘ମͷഁյύλʔϯɽ
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A.3 ഁյ໘ʹ͔͔ΔԠྗͷࢉܭ

A.2Ͱड़ͨ 7ͭͷΈ߹Θͤͷ͏ͪɼͲͷΈ߹ΘͤͰഁյ͢Δ͔Λఆ͢ΔͨΊʹɼશഁյύ

λʔϯʹ͓͚Δഁյ໘ͷԠྗΛ͠ࢉܭɼԠྗ͕࠷େͱͳΔഁյύλʔϯΛٻΊͳ͚ΕͳΒͳ͍ɽ

͜ͷͱ͖ɼഁյύλʔϯ͝ͱʹԠྗΛ͢ࢉܭΔͨΊͷ໘Λ 1ͭʹఆΊΔඞཁ͕Δɽ

A.3.1 ҙͷ໘ʹ͔͔ΔԠྗ

ࣜ (2.14)Ͱද͞ΕΔԠྗ Delaunay࢛໘ମͰҰఆͰ͋ΔɽԠྗ͕Ԡྗςϯιϧ σβ
ij Ͱද͞ΕΔͱ

͖ɼҙͷ໘ S ʹ͓͚ΔτϥΫγϣϯ ti ɼ໘ S ͷ୯Ґ๏ઢϕΫτϧΛ ni ͱͯ͠

ti = σβ
ij nj (A.9)

ͱ͢ࢉܭΔ͜ͱ͕ग़དྷΔɽ·ͨɼS ΔԠྗͷେ͖͢͞༺࡞ʹ σn 

σn = niti

= σβ
ijninj (A.10)

ͱͳΔɽ

A.3.2 ύλʔϯ 1

ഁյύλʔϯ 1ͷ߹ʹ͓͚ΔԠྗͷํࢉܭ๏ʹ͍ͭͯड़Δɽਤ- A.3 ͷΑ͏ʹ Delaunay࢛໘

ମͷ VoronoiϒϩοΫڥք໘Λߏ͢ΔΛఆΊΔɽྫ͑ਤ- A.2 (a)ͷΑ͏ʹ VoronoiϒϩοΫ

A͕͢Δ߹ɼഁյ໘ VoronoiϒϩοΫ B,C,Dͱ VoronoiϒϩοΫ Aͱͷڥք໘Ͱ͋Δ pxzvɼ

qvzwɼrwzxͷ 3໘ʹͳΔɽͦ͜ͰɼԠྗΛ͢ࢉܭΔ໘Λɼਤ- A.3 ͷ−→pqɼ−→prͰߏ͞ΕΔ໘ʹఆΊ

Δɽਤ- A.4ʹࣔ͢Α͏ʹɼ−→pqɼ−→prͰߏ͞ΕΔ໘ͷ୯Ґ๏ઢϕΫτϧΛ n(A) ͱ͢Δͱɼࣜ (A.10)͔

Βɼ͜ͷ໘ʹ͔͔ΔԠྗ

σ(A) = n(A)
i σβ

ijn
(A)
j (A.11)

ͱٻΊΒΕΔɽ
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ͦͷଞͷΈ߹Θͤಉ༷ʹɼVoronoi ϒϩοΫ B ͕͢Δ߹ʹɼ−→puɼ−→ps Ͱߏ͞ΕΔ໘ɼ

VoronoiϒϩοΫ C͕͢Δ߹ʹɼ−→qsɼ−→
qt Ͱߏ͞ΕΔ໘ɼVoronoiϒϩοΫD͕͢Δ߹

ʹɼ−→ruɼ−→
rt Ͱߏ͞ΕΔ໘Λɼ֤ഁյύλʔϯͰͷԠྗΛ͢ࢉܭΔ໘ͱ͢Δɽ

ਤ–A.3 VoronoiϒϩοΫͷڥքͷɽ

ਤ–A.4 Ԡྗͷࢉܭ༻ͷ୯Ґ๏ઢϕΫτϧɽ
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A.3.3 ύλʔϯ 2

յύλʔϯഁʹ࣍ 2ͷ߹ʹ͓͚ΔԠྗͷํࢉܭ๏ʹ͍ͭͯड़Δɽਤ- A.2 (e)ͷΑ͏ʹ Voronoi

ϒϩοΫA,CͱB,DͷΈͰ͢Δ߹ɼഁյ໘ਤ- A.3ʹ͓͍ͯABͱCDͷڥք໘Ͱ͋Δ pxzvɼ

rwzxɼsyzvɼtwzyͷ 4໘ʹͳΔɽ

͜ͷͱ͖ɼԠྗΛ͢ࢉܭΔ໘ʹ p, r, s, tʹΑͬͯͰ͖Δ 1໘Λબͼ͍͕ͨɼઢ ptͱ rsͶ

͡ΕͷҐஔʹ͋ΔͨΊɼ4ಉҰฏ໘্ʹଘ͠ࡏಘͳ͍ɽͦ͜ͰɼϕΫτϧ nAC,BD Λ

nAC,BD =
−→
pt ×−→rs (A.12)

ͱఆٛ͢ΔͱɼnAC,BD
−→
pt ͱ−→rsʹަ͢ΔϕΫτϧͱͳΔɽ͕ͨͬͯ͠ɼϕΫτϧ nAC,BD͕๏ઢϕ

ΫτϧͱͳΔΑ͏ͳ໘ΛԠྗΛ͢ࢉܭΔ໘ͱ͢Δɽ

ͦͷଞͷϒϩοΫͷΈ߹Θͤಉ༷ʹɼVoronoi ϒϩοΫ A,B ͱ C,D ͷΈʹ͢Δ߹

−→uq×−→rsɼVoronoiϒϩοΫ A,Dͱ B,DͷΈʹ͢Δ߹−→uq×−→
pt ͷϕΫτϧͰఆٛ͞ΕΔ໘Λɼ

֤ഁյύλʔϯͰͷԠྗΛ͢ࢉܭΔ໘ͱ͢Δɽ
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60) G. Musielak and T. Śliwa. Fracturing of clay during drying: Modelling and numerical simulation.

Transport in Porous Media, Vol. 95, pp. 465–481, 2012.

61) খᅳ݈ೋ, ງफ࿕, .लޱࡕ ഁյݱͷղੳʹదͨ͠༗ݶཁૉ๏ͷఏҊ. ֶձจू, Vol. 766,

pp. 203–217, 2004.

62) M. Hori, K. Oguni, and H. Sakaguchi. Proposal of FEM implemented with particle discretization

for analysis of failure phenomenon. Journal of the Mechanics and Physics of Solids, Vol. 53, pp.

681–703, 2005.

63) N. Kame, S. Saito, and K. Oguni. Quasi-static analysis of strike fault growth in layered media.

Geophysical Journal International, Vol. 173, No. 1, pp. 309–314, 2008.

64) K. Oguni, M.L.L. Wijerathne, T. Okinaka, and M. Hori. Crack propagation analysis using PDS-

FEM and comparison with fracture experiment. Mechanics of Materials, Vol. 41, No. 11, pp.

1242–1252, 2009.

65) M.L.L. Wijerathne, K. Oguni, and M. Hori. Numerical analysis of growing crack problems us-

ing particle discretization scheme. International Journal for Numerical Methods in Engineering,

Vol. 80, No. 1, pp. 46–73, 2009.

66) L.A. Richards. Capillary conduction of liquids through porous mediums. Journal of Applied

Physics, Vol. 1, No. 318, pp. 318–333, 1931.

67) খࡔະདྷ, ాதඒॹ, খᅳ݈ೋ. PDS-FEMΛ༻͍ͨഁյղੳͷͨΊͷ FEMϞσϧͷࣗಈੜख๏

ͷ։ൃ. Ԡ༻ྗֶจू, Vol. 14, pp. 113–122, 2010.

68) খࡔະདྷ. ൚༻ϥϯμϜϝογϡδΣωϨʔλʔͷ։ൃ. म࢜จ, ڀݚֶጯٛक़େֶେֶӃཧܚ

Պ, 2012.

90



69) ҄༑و. ෳܗࡶঢ়ʹରԠͨ͠ϥϯμϜϝογϡδΣωϨʔλʔͷ։ൃ. म࢜จ, ጯٛक़େֶେܚ

ֶӃཧڀݚֶՊ, 2014.

70) M. Otsuki. Memory effect on the formation of drying cracks. Physical Review E, Vol. 72, p.

046115, 2005.

71) A. Nakahara and Y. Matsuo. Transition in the pattern of cracks resulting from memory effects

in paste. Physical Review E, Vol. 74, No. 4, p. 045102(R), 2006.

72) H. Nakayama, Y. Matsuo, O. Takeshi, and A. Nakahara. Position control of desiccation cracks

by memory effect and faraday waves. The European Physical Journal E, Vol. 36, No. 1, 2013.

73) S. Kitsunezaki, Y. Matsuo, and A. Nakahara. Stress development up to crack formation in drying

paste. Journal of Chemical Engineering of Japan, Vol. 50, No. 10, pp. 775–779, 2017.

74) S. Kitsunezaki. Crack propagation speed in the drying process of paste. Journal of the Physical

Society of Japan, Vol. 78, No. 6, p. 064801, 2009.

75) ຊҰ, ӬҪ༃ོ, ळࢁ, .ધਓޚ ྼԽͨ͠ενϨϯ-ϒλδΤϯΰϜ (SBR)Ճེͷද໘

ُ྾ܗଶͱϑϥΫλϧ. ຊΰϜڠձࢽ, Vol. 66, No. 8, pp. 545–551, 1993.

76) Ԧమ, ྛ৽ଂ. ΞϧΧϦࡐࠎԠʹΑΔுͻͼΘΕͷϑϥΫλϧݩ࣍ղੳ. ίϯΫϦʔτֶ

จू, Vol. 8, No. 1, pp. 43–50, 1997.

77) B. Chiaia, J.G.M. van Mier, and A. Vervuurt. Crack growth mechanisms in four different con-

cretes: Microscopic observations and fractal analysis. Cement and Concrete Research, Vol. 28,

No. 1, pp. 103–114, 1998.

78) M. Borri-Brunetto, A. Carpinteri, and B. Chiaia. Scaling phenomena due to fractal contact in

concrete and rock fractures. International Journal of Fracture, Vol. 95, pp. 221–238, 1999.

79) A. Carpinteri, B. Chiaia, and S. Invernizzi. Three-dimensional fractal analysis of concrete fracture

at the meso-level. Theoretical and Applied Fracture Mechanics, Vol. 31, , 1999.

80) ദ୩ެر, ถా࿕. ੴͷ෩ԽաఔͰੜ͡Δُ྾ύλʔϯมԽͱϚϧνϑϥΫλϧղੳʹΑΔධؠ

Ձ. Ԡ༻࣭, Vol. 45, No. 2, pp. 90–100, 2004.

81) B. Velde. Structure of surface cracks in soils and muds. Geoderma, Vol. 93, pp. 101–124, 1999.

91



82) ,ࡾ দݪਔ, .ٱݪ ϕϯτφΠτϖʔετʹ͓͚Δס૩ऩॖُ྾ͷϑϥΫλϧݩ࣍ղੳ.

ֶձจू Cʢֶݍʣ, Vol. 72, No. 1, pp. 27–37, 2016.

83) G.S. Campbell. ύιίϯͰֶͿͷཧֶ : ࣗવڥཧͷૅج. ࣛౡग़൛ձ, 1987. தࢻ,౦

.༐༁ࢁ

84) .؏Ҫ؛ ԁٴͼԁ൘ͷԠྗࢉܭ๏: Timoshenko๏ͱPoritsky๏ͷൺֱͱՁੑͷূ໌. Journal

of the Ceramic Society of Japan, Vol. 101, No. 1176, pp. 932–935, 1993.

92



ँࣙ

ຊڀݚɼஶऀ͕ܚጯٛक़େֶେֶӃཧڀݚֶՊظޙത࢜՝ఔֶࡏதʹɼಉେֶཧֶ෦γεςϜ

σβΠϯֶՊখᅳ݈ೋڭतͷࢦಋͷͱʹͨͬߦͷͰ͋Δɽ

খᅳ݈ೋڭतʹɼຊڀݚΛ͢ߦΔʹ͋ͨΓɼऴࢦ࢝͝ಋΛࣀΓ·ͨ͠ɽࠒΑΓʹ૬ஊʹͷͬ

ͯ͘ͱڞʹɼৗʹదͳ͝ॿݴɼ͝ॿྗΛ͍ͨ͜ͱͰɼຊڀݚΛண࣮ʹਐΊΔ͜ͱ͕Ͱ͖·ͨ͠ɽઌ

ੜΑΓ͝ࢦಋ͍ͨ 6ؒͰɼ׆ڀݚಈֶձ׆ಈͳͲଟ͘ͷوॏͳݧܦΛ͚ͤͯͩ͘͞Ͱͳ͘ɼݚ

Ҏ֎ͷ໘Ͱඇৗʹଟ͘ͷ͜ͱΛֶ͖ͤͯ·ͨ͠ɽڀݚͳͲɼ࢟͏߹ֶ͖࢟ͱͯ͠ͷऀڀ

৺ΑΓଚ͢ܟΔઌੜͷ͝ࢦಋͷͱڀݚੜ׆ΛૹΕͨ͜ͱɼஶऀͷތΓͰ͢ɽ͜ͷΛआΓͯɼਂ͘

ਃ্͛͠·͢ɽँײ

ຊจͷࣥචʹ͋ͨΓɼܚጯٛक़େֶཧֶ෦ͷখᐻࢁխ೭ڭतɼ∁ڮਖ਼थ।ڭतɼ֟প߂߁।ڭत

ʹଟ͘ͷوॏͳ͝ҙݟΛࣀΓ·ͨ͠ɽઌੜํ͔Βͷదͳ͝ॿݴɼ͝ॿྗʹΑΓɼຊจΛॆ࣮ͤ͞

ձΛ༩͍͑ͯͨ͜ͱɼػ͢Δٞؔ͠ʹڀݚΊΔ͜ͱ͕Ͱ͖·ͨ͠ɽ·ͨɼઌੜํͱຊߴΛ

Λׂ͍ͯؒ࣌ͷͨΊʹଟ͘ͷͱͳΓ·ͨ͠ɽ͝ଟͷதɼຊจͷݧܦॏͳوͱͯ͠େมऀڀݚ

͍͚ͨͩͰͳ͘ɼ͓ձ͍͢Δʹྭ·͠ͷ͓ݴ༿Λ͖·ͨ͜͠ͱɼվΊͯް͘ྱޚਃ্͛͠·͢ɽ

ଟ͘ͷαϙʔτΛ͖ͯ͠·ͨ͠ɽ͍͓ͯʹ׆ੜࣨڀݚɼஶऀͷʹࢯࢠጯٛक़େֶൿॻɹҪ্ܚ

ਃ্͛͠·͢ɽྱޚ͘ް

ஶऀͷֶੜੜ׆ɼখᅳ݈ೋڭतΛ͡Ίͱ͠ɼଟ͘ͷଚ͢ܟΔઌੜํɾઌഐɾޙഐɾ༑ਓʹғ·Ε

ͨ͜ͱͰɼܹత͔ͭॆ࣮ͨ͠ͷͱͳΓ·ͨ͠ɽ͜ͷΑ͏ͳૉΒ͍͠ग़ձ͍ʹܙ·Εͨ͜ͱʹँײ

ਃ্͛͠·͢ɽ

ɼ͠ँײकΓଓ͚ͯ͘ΕͨՈʹ৺ΑΓݟɼԹ͔͑͘ࢧΛӄͳ͕Β׆ੜࢲɾ׆ੜڀݚɼஶऀͷʹޙ࠷

ຊจͷँࣙͱக͠·͢ɽ

2018 1݄

ኍ෦ɹࣿࢠ

93


