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During construction of membrane structures, the structures change the shape considerably and 

both of slack and tense area intermingle in the structures. The paper proposes a frame unit mainly 

composed by elastic-catenary cables that can simulate the large displacement behavior of 

compression-free membrane. The frame unit possesses nearly equivalent strain energy to the 

uniform strain element in the tense state, and keeps tensile field in the slack state. When a 

membrane structure is modeled in the frame units composed by cables with positive stiffness, the 

Newton-Raphson’s method gives the equilibrium solution after large displacement by not many 

times of iteration under stable convergence. 
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㸬ࡿ࠶௬᝿ⓗ㒊ᮦ࡛ࡢୖࣝࢹ㸪㠀ᢠᅽ⭷⨨᥮ࣔ࠼࠸࡜

࣮ࢣṇ๛ᛶࡶ࡚࠸ࡘ࡟ࣝࣈ࣮ࢣ㈇๛ᛶࡢࡇ㸪ࡋ࠿ࡋ

ࡁ࡛⏝㐺ࢆㄽ⌮࣮ࣜࢼࢸᙎᛶ࢝࡟ᵝྠࡃ඲࡜ࣝࣈ

 㸬ࡿ

 ᗙᶆ㍈ࡢ᪉ྥࢆኚࡎ࠼ᅗ−2 ࣈ࣮ࢣ࡟࠺ࡼࡍ♧࡟

ࣝ➃ຊ᪉ྥࢆṇ๛ᛶࡽ࠿ࢀࡑࡢ཯㌿ࡓࡏࡉ⣔ࢆ⪃

 㸪ࡁ࡜ࡢࡇ㸬ࡿ࠼

  EAC = −EAC ,  H = −H ,  Z i , j= − Z i, j , ψ = −ψ    (8) 

ᘧ(3)ࡢ㸪๓⠇ࡤࢀࡍ⏝㐺ࢆㄽ⌮࣮ࣜࢼࢸ࢝ࡁ⨨࡜

ࡣ㸬ᘧ(3)ࡿ࡞࡜ᘧ࡞౯➼࡜ࣝࣈ࣮ࢣṇ๛ᛶࡁ㝖ࢆ

㔜㔞ࣝࣈ࣮ࢣ㸪ࡾࡼ࡟཯㌿ࡢຊ㖄┤ᡂศ➃ࣝࣈ࣮ࢣ

 㸬ࡿ࡞࡜ḟᘧࡓࡗࢃ᭰ࢀṇ㈇ධࡳࡢ㡯ࡢ

 Z i =
qz

2
cothψ −

qlc

2
,     Z j =

qz

2
cothψ +

qlc

2
 (9a, b) 

 ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࡶ࡚࠸ࡘ࡟㸪ᘧ(8)ࢆᘧ(6), (7)

ࢺṇ๛ᛶ࣐ࡓ࠸⏝ࢆᑐ್⤯ࡢ㸪㈇๛ᛶࡤࢀࡍ௦ධ࡟

 㸬ࡿ࠿ศࡀ࡜ࡇ࠸ࡼࡤࢀࡍ࡜㈇࡟༢ࢆࢫࢡࣜ

 ௨ୖࡽ࠿࡜ࡇࡢ㸪㈇๛ᛶࡣࣝࣈ࣮ࢣఙࡧ๛ᛶࡢ⤯

ᑐ್࡚࠸⏝ࢆṇ๛ᛶࡢ୍ྠ࡜ᘧࣝࣈ࣮ࢣࡾࡼ࡟➃

ຊ࡜᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࢆồࡓࡵᚋࢆࡽࢀࡇ㈇࡜

 㸬ࡿࡁᑐᛂ࡛ࡾࡼ࡟⌮ฎ࡞⡆༢ࡿࡍ

 

2.3 ✵㛫ࡢࣝࣈ࣮ࢣ᥋⥺๛ᛶ᪉⛬ᘧ 

 ᙎᛶ࢝ࢆࣝࣈ࣮ࢣ࣮ࣜࢼࢸ 3 ḟඖ✵㛫⾲♧ࡋ࡜

࠶ᅔ㞴࡛ࡣ࡜ࡇࡃᑟࢆ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࡢࡑ࡚

≦ࡢࣝࣈ࣮ࢣ㛫✵ࡓࡗࡲᐃࡀ⨨㸪୧➃఩ࡋ࠿ࡋ㸬ࡿ

ែ㔞࡞ྠྜࡣ㖄┤ᖹ㠃࠶୍࡛ྠ࡜ࢀࡑࡢࣝࣈ࣮ࢣ

⛬᥋⥺ᗄఱ๛ᛶ᪉ࡢࣝࣈ࣮ࢣ㸪ᖹ㠃࡚ࡗࡀࡓࡋ㸬ࡿ

ᘧ࡚࠸ࡘ࡟ࡳࡢ㸪㔜ຊ᪉ྥ㍈ࡀᖹ㠃ࡌྠ࡜ 3ḟඖ✵

㛫࡟ᒎ㛤ࡓࡋ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࢆồࡤࡅ࠾࡚ࡵ㸪

✵㛫ࡢࣝࣈ࣮ࢣゎᯒࡿ࡞࡜⬟ྍࡀ㸬 

 ᖹ㠃ྠ࡜ࣝࣈ࣮ࢣᵝ z ㍈ࢆ㔜ຊ᪉ྥࡿࡍ࡜ᅗ−3

᪉ྥవᘻࡢ⥺Ỉᖹ㠃ᑕᙳࡢࣝࣈ࣮ࢣ㸪✵㛫ࡋ↷ཧࢆ

αࢆ = x / h,  β = y / h ᚤᑠࡢ㸪Ỉᖹ㠃ᑕᙳ㛗ࡤࢀࡍ࡜

ቑศδhࡣḟᘧࡿࡁ࡛ࡀ࡜ࡇࡍ⾲࡟࠺ࡼࡢ㸬 

               δh = αδ x + βδ y             (10) 

 ᙇຊࡢỈᖹᡂศ H ࡣ X ࡜ Y ࡢ 2 ᪉ྥᡂศ࡟ศࡅ

 㸬ࡿ࡞࡟࠺ࡼࡢḟࡣᚤᑠቑศࡢࡽࢀࡇ㸪ࡁ࡛ࡀ࡜ࡇࡿ

           
δX

δY








=
α
β








δH +

δα
δβ








H        (11) 

 㸬ࡿ࡞࡜ḟᘧࡣᚤᑠቑศࡢ㸪᪉ྥవᘻ࡟ࡇࡇ

     δα = δ x / h( )= β 2δ x −αβδy( )/ h        (12a) 

     δβ = δ y / h( )= −αβδx +α 2δ y( )/ h       (12b) 

 ᘧ(10)~(12)ࢆᘧ(6)࡟౑⏝ࡤࢀࡍ㸪✵㛫ࣝࣈ࣮ࢣ

 㸬ࡿࢀࡽᚓ࡟࠺ࡼࡢḟࡀ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࡢ

δX

δY
δZ

















=

α 2kH + β 2H / h αβ kH − H / h( ) αkHZ

β 2kH + α 2H / h βkHZ

sym. kZ

















δx
δ y
δ z

















(13) 

 ᘧ(13)ࢆδX = kCδxࡋ⾲࡜㸪ඹ㏻ᗙᶆ⣔┤஺㸱㍈

δࡀ x,  δ y,  δ z᪉ྥࡿࡍ࡜ࡢࡶࡿࡍ⮴୍࡟㸬ࣝࣈ࣮ࢣ 

୧➃ࡢᚤᑠ⠇Ⅼኚ఩࣋ࢆࣝࢺࢡ δu i ,δu j{ }T
ࢀࡍ࡜

ࡤ δx = δu j − δu i 㸪⠇Ⅼຊ࣋ࡢࣝࢺࢡᚤᑠቑศࢆ

δU i ,δU j{ }T
δUࡤࢀࡍ࡜ i = −δX,  δU j = δX࡛ࡿ࠶ 

᥋⥺ᗄఱ๛ࡿࡍ⏝౑࡟ゎᯒࡢ≀ᵓ㐀ࣝࣈ࣮ࢣ㸪ࡽ࠿

ᛶ᪉⛬ᘧࡣḟᘧࡿࢀࡉ⾲࡟࠺ࡼࡢ㸬 

       
δU i

δU j









=
kC −kC

−kC kC











δu i

δu j








        (14) 

 

2.4  ᭷㝈ኚ఩ゎᯒ౛ࡢࢺࢵࢿࣝࣈ࣮ࢣ

 ᮏ⌮ㄽࢺࢵࢿࣝࣈ࣮ࢣࡿࡼ࡟᭷㝈ኚ఩ゎᯒ୍ࡢ

౛ࡢࡑࡽ࠿ィ⟬Ᏻᐃᛶ࡚࠸ࡘ࡟㏙ࡿ࡭㸬ゎᯒᡭἲ࡟

㸪ࡵồࢆຊ➃ࣝࣈ࣮ࢣࡽ࠿⠇Ⅼᗙᶆࡓ࠼୚࡟㸪௵ពࡣ

⠇Ⅼຊࣝࣈ࣮ࢣ࡜➃ຊࡢ୙ᖹ⾮ຊࢆᘧ(14)ࡢᐃᩘ

㸪⠇Ⅼ఩ࡁゎࢆ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧ࡚ࡋ࡜ࣝࢺࢡ࣋

࡞ຊᏛⓗࡿࡍ᭦᪂ࢆ⨨ Newton-Raphsonἲࡿ࠸⏝ࢆ㸬

࡜㧗ḟ㠀⥺ᙧᘧࡿࡼ࡟⠇Ⅼኚ఩ࢆ㸪⠇Ⅼຊࡕࢃ࡞ࡍ

࡞⣧⢋ࡤࡅゎࢆࢀࡇ࡚ࡋ Newton-Raphsonἲ࡛ࡿ࠶

ࢣࡓࢀࡉ᭦᪂ࡾࡼ࡟⠇Ⅼኚ఩࡚ࡋ㈏୍ࡣ㸪ᮏㄽ࡛ࡀ

ࡵồࢆែ㔞≦ࣝࣈ࣮ࢣࡽ࠿⠇Ⅼᗙᶆ್ࡢ➃ࣝࣈ࣮

ࡿࡍ⏝౑࡟㸬௨ୗ㸪ᮏㄽࡿ࠸࡚ Newton-Raphsonἲ

ຊᏛⓗࢆ NR ἲ࡜࿧ࡿࡍ࡟࡜ࡇࡪ㸬 

 ᅗ−4 ィࢆࢺࢵࢿࣝࣈ࣮ࢣࡓࢀࡉ࿘㎶ᅛᐃࡍ♧࡟

⟬౛ࡓ࠸⏝࡟㸬ࡢࣝࣈ࣮ࢣ↓ᛂຊ༢఩㛗㔜㔞࡜ఙࡧ

๛ᛶࢀࡒࢀࡑࡣ q0 = 10N/m, EAC = 2.618MN㸪ྛࢣ

ᛂຊ㛗↓ࣝࣈ࣮ l0 ࡓࡋᣦᐃ࡟ᅗ୰ࡣ 8 ᮏࡳࡢ

1.414m㸪௚ࡣ඲࡚ 1m࡛ࡿ࠶㸬ࡎࡲ㸪඲⠇ⅬࢆỈᖹ

㠃ึࡿࡍ࡜ᮇ఩⨨ࡽ࠿ᅗ−4 㸪ࡵồࢆ≦ᖹ⾮ᙧࡍ♧࡟

ḟ࡟㸪࿘㎶ᅛᐃⅬࢆ㖄┤㍈࡟ᑐ࡚ࡋ 30°ഴࡅᅗ−5

ᕥᅗࡢ≧ែࢆồࡓࡵ㸬࡟ࡽࡉ㸪ᅗ−5 ᕥᅗึࢆᮇ≧

ែ࡚ࡋ࡜ᅗ୰ࡢ㸰⠇Ⅼ࡟ࢀࡒࢀࡑỈᖹຊ 2kN 㖄࡜

┤ຊ 1kN  ࡣ≦ᙧࡢ㸬㍕Ⲵᚋࡿࡍᣓ㍕Ⲵ୍࡟᫬ྠࢆ
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ᅗ−5 ྑᅗࡾ࡞࡜㸪୍ᣓ㍕Ⲵࡿࡼ࡟඲⠇Ⅼ୰᭱ࡢ኱

୙ᖹ⾮ຊࡣᅗ−6 㸬チᐜ୙ᖹ⾮ຊࡿ࡜ࢆ⛬཰᮰㐣ࡢ

7kN−10ࡣ ࡾ࠶࡛ 64 ᅇࡢ཯᚟ᅇᩘ࡛チᐜ್ࢆ‶㊊

⥭ࡽ࠿᭷㝈ኚ఩ゎᯒࡿࡵồࢆᮇ≧ែึࡽࢀࡇ㸬ࡓࡋ

ᙇ࡜ᘱ⦆ࡀࣝࣈ࣮ࢣࡢΰᅾࡿࡍᖹ⾮ᙧ≧ࡢ⟬ฟࡲ

࡛඲࡚Ᏻᐃ࡞཰᮰ィ⟬ࡓࡗ࡞࡜㸬 

࡚࠸ࡘ࡟≦ᙧࢺࢵࢿ࡞ࠎᵝࡶ࡟ィ⟬౛௨እࡢࡇ 

᭷㝈ኚ఩ゎᯒ13)࠸⾜ࢆ㸪ࡶࢀࡎ࠸Ᏻᐃ࡞཰᮰㐣⛬࡟

ࢣ࣮ࣜࢼࢸᙎᛶ࢝ࡢ㸬ṇ๛ᛶࡿ࠸ᚓ࡚ࢆᖹ⾮ゎࡾࡼ

୰ࡢᙇຊሙࡣゎᯒࢺࢵࢿࡿࢀࡉᵓᡂࡾࡼ࡟ࣝࣈ࣮

࡜ࡇࡿ࡞࡜ゎᯒ࡞㸪Ᏻᐃࡽ࠿ࡿ࠶࡛ࡢࡶࡿࢀࢃ⾜࡛

 㸬ࡿࢀࡽ࠼⪄࡜↛ᚲࡣ

 

㸱㸬ࡿࡼ࡟ࢺࢵࢽࣘࣝࣈ࣮ࢣ㠀ᢠᅽ⭷ࣔࣝࢹ 

 

 㠀ᢠᅽ⭷ᵓ㐀ࣝࢹࣔࡾࡼ࡟ࣝࣈ࣮ࢣࢆ໬࡛ࢀࡁ

㸬ᮏ⠇࡛ࡿ࡞࡜ᐜ᫆ࡀゎᯒࡓࡵྵࢆ㸰㍈ᘱ⦆≧ែࡤ

ゅᙧせ୕ࡳࡎࡦᐃࡿࢀࡽ࠸⏝࡟㸪᪤Ꮡᙇຊሙ⌮ㄽࡣ

⣲ࢆඖ࣮ࢠࣝࢿ࢚ࡳࡎࡦ࡟➼౯࡞㍈ຊ㒊ᮦࣘࢵࢽ

㸪ࣘࡁᑟࢆࢺ ࣮ࢣࡢࡵࡓࡿ࠼୚ࢆ㠀ᢠᅽᛶ࡟ࢺࢵࢽ

 㸬ࡿ࡭㏙࡚࠸ࡘ࡟᥮᪉ἲ⨨ࣝࣈ

 

3.1 ᐃࡳࡎࡦせ⣲࡟➼౯࡞㦵⤌ࣘࢺࢵࢽせ⣲ 

 ᭷㝈せ⣲ἲ࡛ࡣᐃ୕ࡳࡎࡦゅᙧせ⣲ࢆᖹ㠃ෆ࡟

㸪㸯⠇Ⅼࡁ࡜ࡃ⨨ 2⮬⏤ᗘࡢィ 6⮬⏤ᗘ⾲♧ࡢ๛ᛶ

ࢫࢡࣜࢺ࣐ ࡢࡇ㸬ࡿࢀࡽ࠸⏝ࡀ (14 6 ⮬⏤ᗘࡣ࡟せ

⣲ࡢ๛యኚ఩ 3 ⮬⏤ᗘࢀࡲྵࡀ㸪➼౯ࣝࢿ࢚ࡳࡎࡦ

࡞❧⊃ࡓࡋ㝖ཤࢆ㸪๛యኚ఩ࡣ࡟ࡿࡍ⏝㐺ࢆ࣮ࢠ 3

⮬⏤ᗘࡢኚᙧࡿࡼ๛ᛶ᪉⛬ᘧࡀᚲせࡿ࡞࡜㸬ᮏㄽ࡛ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

㸪ᅗ−7࡚ࡋ࡜せ⣲ኚᙧࡢ㸱⮬⏤ᗘ࡞❧⊃ࡢࡇࡣ ࡟

ࡇ㸬ࡿࡍ⏝᥇ࢆ㔞ࡧఙࡢࡽ࠿せ⣲㸱㎶↓ᛂຊ㛗ࡍ♧

ࡢḟࡤࢀ࠸⏝ࢆせ⣲➃ຊࡿ࡞࡜ᑐࡢ௙஦࡟ኚᙧࡢ

ᐃࡳࡎࡦせ⣲๛ᛶ᪉⛬ᘧࡀᚓࡿࢀࡽ㸬࠾࡞㸪௜㘓࡟

㸴⮬⏤ᗘࡢᐃࡳࡎࡦせ⣲࡟ᣊ᮰᮲௳ࢆ୚࡚࠼ᘧ

 㸬ࡿ࠸࡚ࡋ♧ࢆ࡜ࡇࡿࢀࡽᚓࡀ(15)

P1

P2

P3

















=
D

4A

e1
2 + µl12 e1e2 − µl1l2 e3e1 − µl3l1

e2
2 + µl2 2 e2e3 − µl2l3

sym. e3
2 + µl32

















∆l1
∆l2
∆l3

















     =

K11 K12 K13

K 22 K 23

sym. K 33

















∆l1
∆l2
∆l3
















              (15) 

  㸪࡟ࡇࡇ

          D =
Et

1− ν 2
,        µ=

1-ν
2

        (16a, b) 

㸪t㸸⭷ཌ㸪A㸸↓ᛂຊ᫬せ⣲㠃✚㸪E㸸ࣖࣥࡓࡲ 

ẚ㸪ࣥࢯ࢔㸪ν㸸࣏⋠ࢢ ln ,  en 㸸↓ᛂຊせ⣲ࡅ࠾࡟

㎶ࡿ n 㡬Ⅼࡧࡼ࠾ࡉ㛗ࡢ n 㸬ࡿ࠶㊥㞳࡛ࡢᆶᚰ㛫࡜

ᮏㄽ࡛౑⏝ࡿࡍ⭷ᮦࡣ➼᪉ᛶ࡜௬ᐃࡿࡍ㸬 

 ᘧ(15)࡟➼౯࡞㦵⤌ᵓ㐀࡚ࡋ࡜ᅗ−8ࢹࣔࡍ♧࡟ 

u 

v 

10m 

10m 

㍕ⲴⅬ 

u 

w 

3.22m 

ᅗ−4ึᮇ≧ែ๓ࢺࢵࢿࣝࣈ࣮ࢣࡢ 

↓ᛂຊ㛗1.414m 
↓ᛂຊ㛗 

1.414m 

↓ᛂຊ㛗 

1.414m 

↓ᛂຊ㛗 

1.414m 30° 

u 

w 

ỈᖹⲴ㔜 

2kN 

ᅗ−5ึࢺࢵࢿࣝࣈ࣮ࢣᮇᙧ≧࡜ኚ఩ᚋࡢᙧ≧ 

㖄┤Ⲵ㔜 

1kN 

10 5

10 3

10

10−3

10−5

10−7

0 20 40 60

཯᚟ᅇ  ᩘ

᭱኱୙ᖹ⾮ຊ (kN) 

ᅗ−6᭱኱୙ᖹ⾮ຊࡢ཰᮰㐣⛬ 

10−1
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ᵓᡂࢆ≦ᙧࡢ୍ྠ࡜≦㸬↓ᛂຊ⭷せ⣲ᙧࡿ࠸⏝ࢆࣝ

ࡃ㝖ࢆ୺ᮦ㸪୺ᮦࢆ㎶㒊ᮦࡿࡍ 3㒊ᮦࢆ๪ᮦ㸪๪ᮦ

 㸬ࡿࡍ࡟࡜ࡇࡪ࿧࡜ຓⅬ⿵ࢆⅬࡿࡍྜ⤖ࡀ

 㸱୺ᮦྛࡢఙࡧ๛ᗘ㸪㸰ࡢࡘ㎶ࡽ࠿⿵ຓⅬࡢ࡛ࡲ 

㊥㞳ࡧࡼ࠾๪ᮦఙࡧ๛ᗘ ks ࡍ࡜ᩘ▱ᮍࢆィ㸴ಶࡢ

せ⣲ࡳࡎࡦᐃࡢព୕ゅᙧ௵࡚ࡗࡼ࡟ᘧ࡞₩㸪⡆ࡤࢀ

㸬ᅗࡿ࡞࡜⬟ྍࡀ࡜ࡇࡍ⾲ࢆࢺࢵࢽࣘ⤌㦵࡞౯➼࡟

୰ࡍ♧࡟ k1,  k2 ,  k3,  ks 㸪ࡾ࠶๛ᗘ࡛ࡧఙࡢ㒊ᮦྛࡀ

๪ᮦఙࡧ๛ᗘࡣᮍ▱ᩘࡢタᐃ࡟ᇶ࡙ࡁ඲࡚➼࠸ࡋ㸬 

 ᅗ−8㸦㸯㸧ࡢ㸯ḟ୙㟼ᐃࢫࣛࢺ㦵⤌࡚࠸࠾࡟㸪せ

⣲➃ຊ P1,P2 ,P3 ࡢḟࡤࢀࡵồࢆ㔞ࡧ୺ᮦఙࡿࡼ࡟

๛ᛶ᪉⛬ᘧࢆᚓࡿ㸬 

P1

P2

P3

















=

k1 +
ks

Fh1
2

ks

Fh1h2

ks

Fh3h1

k2 +
ks

Fh2
2

ks

Fh2h3

sym. k3 +
ks

Fh3
2

























∆l1
∆l2
∆l3
















(17) 

㸪࡟ࡇࡇ hn 㸸㎶ n ㊥㞳㸪㡬Ⅼࡢ࡛ࡲຓⅬ⿵ࡽ࠿ n

θࢆෆゅࡢ n  㸪ࡤࢀࡍ࡜

 F = 2{1 / h1
2 +1 / h2

2 +1 / h3
2                     

  +(h1 cosθ1 + h2 cosθ 2 + h3 cosθ 3 ) / (h1h2h3 )}    (18) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ᘧ(17)ࢫࢡࣜࢺ࣐ࡢෆ࡞❧⊃ࡢ㸴㡯ࢆ㸪ᘧ(15)ࡢ

ᑐᛂࡿࡍ㡯ࡤࡅ࠾ࡃࡋ➼࡟㸴ಶࡢᮍ▱ᩘࡀᐃࡿࡲ㸬

ࡇࡃ࠾ࡃࡋ➼ࢆࢫࢡࣜࢺ๛ᛶ࣐ࡢࡘ㸰࡟࠺ࡼࡢࡇ

౯➼ࢆ࣮ࢠࣝࢿ࢚ࡳࡎࡦࡢせ⣲ࡢࡘ㸰ࡿ࡞␗ࡣ࡜

 㸬ࡿ࠶ព࡛ྠ࡜࡜ࡇࡿࡍ࡜

 ⿵ຓⅬ఩⨨࡜๪ᮦఙࡧ๛ᗘࢫࢡࣜࢺ࣐ࡣ㠀ᑐゅ

㡯ࡽ࠿ᐃࡾࡲ㸪⿵ຓⅬ఩⨨ࡣ㸪 
 

h1 = K 23 / K sT ,   h2 = K13 / K sT ,   h3 = K12 / K sT (19a,b,c) 
 

㸪࡟ࡇࡇ an 㡬Ⅼࢆ n  㸪ࡤࢀࡍ࡜ࡉ㛗ࡢ⥺ᆶࡢࡽ࠿
 
      K sT = K 23 / a1 + K13 / a2 + K12 / a3        (20) 
 

 ๪ᮦఙࡧ๛ᗘࡣ㸪 

 ks = 2 K 23K13 / K12 + K12K 23 / K13 + K13K12 / K 23(  

      +K 23 cosθ1 + K13 cosθ 2 + K12 cosθ 3 )      (21) 

 ୺ᮦఙࡧ๛ᗘࢫࢡࣜࢺ࣐ࡣᑐゅ㡯ࡽ࠿ᚓࢀࡽḟ

ᘧࡿ࡞࡜㸬 
 
    kn = K nn − ks / (Fhn

2 ),         (n = 1, 2, 3)       (22) 
 

 ⿵ຓⅬ఩⨨ྛࡍ⾲ࢆ hn ྲྀࢆ್ࡢ㈇ࡣ࠸ࡿ࠶ṇࡣ

୕࡜ẚࣥࢯ࢔ᮦ࣏⭷࡟࠺ࡼࡍ♧ࡀᘧ(15)ࡣࢀࡇ㸪ࡾ

ゅᙧせ⣲ᙧ≧࡟౫Ꮡࡿࡍ㸬࠾࡞㸪ᅗ−8㸦㸯㸧ࡽ࠿ᘧ

ࡢ㸪ṇࡽ࠿ࡿ࠸࡚࠸ᑟࢆ(17) hn ㎶ࡀຓⅬ⿵ࡣ n ᑐ࡟

㸬hnࡍ♧ࢆ࡜ࡇࡿᅾ࡟せ⣲እഃࡣ㸪㈇࡟せ⣲ഃ࡚ࡋ

l1 + ∆l1 l2 + ∆l2

l3 + ∆l3P1

P1

P2

P2

P3P3 12

3

ᅗ−7ᐃ୕ࡳࡎࡦゅᙧせ⣲ 

h1

h3

h2

12

3

4
k1 k2

k3

ksks

ks

h1 > 0,  h2 > 0,  h3 > 0

඲㒊ᮦࣈ࣮ࢣ  ࣝ

㸦㸯㸧ࣉ࢖ࢱ㸯 

ᅗ−8ᐃࡳࡎࡦせ⣲࡟➼౯࡞㦵⤌ࣘࣝࣈ࣮ࢣࡢࡑ࡜ࣉ࢖ࢱࡢࢺࢵࢽ⨨᥮ 

4

2

3

୺ᮦ㸸ࣈ࣮ࢣ  ࣝ

34㸸㍈ຊᮦ 

14,  24 㸸཮᭤⥺ᙇຊᮦ 

㸦㸰㸧ࣉ࢖ࢱ㸰 

1

k1 k2

k3

ks
ksks

h1 < 0,  h2 < 0,  h3 >  ౛ࡢ0

1

4

2

3

୺ᮦ㸸ࣈ࣮ࢣ  ࣝ

34㸸཮᭤⥺ᙇຊᮦ 

24㸸཮᭤⥺ᅽ⦰ຊᮦ 

14㸸㍈ຊᮦ 

㸦㸱㸧ࣉ࢖ࢱ㸱 

k1 k2

k3

ks ks

ks

h1 > 0,  h2 > 0,  h3 <  ౛ࡢ0

N N
ks

∆l

∆l

N 0

N h

N d

∆ld∆l = −∆lm

ᅗ−9཮᭤⥺ᙇຊᮦࡢ㍈ຊᅗ 

ᐃ⩏ᇦ 

-15-



 

ᅗ−8ࡣࢺࢵࢽࣘࡾࡼ࡟ṇ㈇ࡢ ࢱ⤌㦵ࡢࡘ㸱ࡍ♧࡟

ࡢࡘ㸬㸱ࡿࢀࡽࡅศ࡟ࣉ࢖ hn ඲࡚ࡀṇࢱࢆࡁ࡜ࡢ

㈇ࡀࡘ㸰㸪㸯ࣉ࢖ࢱࡤࢀ࠶㈇࡛ࡀࡘ㸰ࡢࡑ㸯㸪ࣉ࢖

ࡢࡘ㸬㸱ࡿࡍ࡜≦㦵⤌ᙧࡢ㸱ࣉ࢖ࢱࡁ࡜ࡢ hn ඲࡚

 㸬࠸࡞ࡣ࡜ࡇࡿ࡞࡜㈇ࡀ

 ⿵ຓⅬࡀせ⣲ෆ㒊ࣉ࢖ࢱࡿ࠶࡟㸯ࡣ㸪ᘧ(19)࡜

ࡿ࠶ṇࡀ㠀ᑐゅ㡯඲࡚ࢫࢡࣜࢺ࣐ࡢᘧ(15)ࡾࡼ(20)

㸬ᘧࡿ࠶࡛ࡁ࡜ࡿ࡞࡜㈇ࡀ඲࡚ࡣ࠸ ࡾࡼ(20)

K sT > ࣥࢯ࢔࣏ࡎࡽࢃ㛵࡟≦せ⣲ᙧࡣ௳᮲ࡿ࠶0࡛

ẚࡳࡢν > 1 / ᘧࡁ࡜ࡢࡇ㸬ࡿࢀ࠿ᑟࡀ࡜ࡇࡿ࡞࡜3

㸪ࡾ࡞࡜㸯ࣉ࢖ࢱࡤࢀ࠶඲࡚ṇ࡛ࡀ㠀ᑐゅ㡯ࡢ(15)

ᘧ(19)ࡾࡼせ⣲㸱ෆゅ࡚࠸ࡘ࡟ᘧ(23a)ࡢ᮲௳ࡀᑟ

࡟㸬ྠᵝࡿࢀ࠿ K sT <  㸬ࡿᚓࢆ௳᮲ࡢᘧ(23b)ࡾࡼ0

 ν > 1 /  㸪ࡁ࡜ࡢ3

      2 tan−1 1− ν
2

< θ n < 2 cos−1 1

1+ ν
     (23a) 

 ν < 1 /  㸪ࡁ࡜ࡢ3

      2 cos−1 1

1+ ν
< θn < 2 tan−1 1− ν

2
     (23b) 

≦ᙧ࠸㏆࡟ṇ୕ゅᙧࡣ㸯ࣉ࢖ࢱࡾࡼᘧࡢࡽࢀࡇ 

ィ್ᩘ࡟࠺ࡼࡿࡍᚋ㏙ࡣ㸯ࣉ࢖ࢱࡢࡇ㸬ࡿࢀࡽ㝈࡟

せ࡜ẚࣥࢯ࢔࣏ࡢࡑ࡟≉ࡵࡓࡿࡍ᭷ࢆ฼Ⅼࡢୖ⟭

⣲ᙧ≧ࡢ᮲௳ࡓࡋ♧ࢆ㸬 

 hn ࡧࡼ࠾⨨㸪⿵ຓⅬ఩ู✀ࣉ࢖ࢱࡿࡼ࡟ṇ㈇ࡢ

ྛ㒊ᮦఙࡧ๛ᗘࡀ☜ᐃࡤࢀࡍḟ⠇ࢩ࡟࠺ࡼࡍ♧࡟

ᵓ㐀ゎᯒ⭷ࡾࡼ࡟᥮⨨ࣝࣈ࣮ࢣ࡞ࢡࢵ࢕ࢸ࣐ࢸࢫ

࣏ࡿ࡞࡜㸰㸪㸱ࣉ࢖ࢱ㸪࡚ࡗࡀࡓࡋ㸬ࡿ࡞࡜⬟ྍࡀ

࠸࡞ࡋヲ㏙ࡣ࡚࠸ࡘ࡟௳᮲ࡢ≦せ⣲ᙧࡸẚࣥࢯ࢔

౛ࢆ஧➼㎶୕ゅᙧせ⣲ࡿࡍ࡜㡬ゅࢆ㸪㡬Ⅼ㸯ࡢࡢࡶ

࡟ᵝྠ࡜ᐃุࡢ㸯ࣉ࢖ࢱ㸬ࡃ࠾࡚ࡋ♧࡟⡆༢࡚ࡋ࡜

K sT ࡜ṇ㈇ࡢ hn ࠺ࡼࡢḟࡣ㸰㸪㸱ࣉ࢖ࢱࡽ࠿ṇ㈇ࡢ

 㸬ࡿ࡞࡜ሙྜ࡞

 ν > 1 / ࡁ࡜ࡢ3 h1 㡬ࡢᘧ(24a)ࡾࡼ௳᮲ࡢṇࡳࡢ

ゅࡿྲྀࢆ஧➼㎶୕ゅᙧ࡛ࣉ࢖ࢱࡤࢀ࠶㸰㸪 h1ࡳࡢ

㈇ࡢ᮲௳ࡾࡼᘧ(24b)࡛ࣉ࢖ࢱࡤࢀ࠶㸱ࡿ࡞࡜㸬 

θ1 > 2 cos−1 1

1+ ν
,      θ1 < 2 tan−1 1− ν

2
    (24a,b) 

 ୍᪉㸪ν < 1 / 㸰㸪ࣉ࢖ࢱࡤࢀ࠶࡛ᘧ(25a)ࡁ࡜ࡢ3

ᘧ(25b)࡛ࣉ࢖ࢱࡤࢀ࠶㸱ࡿ࡞࡜㸬 

θ1 < 2 cos−1 1

1+ ν
,      θ1 > 2 tan−1 1− ν

2
    (25a,b) 

 ୺ᮦ࡜๪ᮦఙࡧ๛ᗘࡢṇ㈇ࡶせ⣲ᙧ≧ࢯ࢔࣏࡜

ࣥẚ࡚ࡗࡼ࡟ኚ໬ࡿࡍ㸬ࣉ࢖ࢱ㸯࡛ࡣν < 1 / ࡜ࡢ3

୍ࡢ୺ᮦࡣ㸱࡛࡜㸰ࣉ࢖ࢱ㸪ࡾ࡞࡜㈇๛ᛶࡀ๪ᮦࡁ

㒊ᮦࡀ㈇๛ᛶࡿ࠶ࡶ࡜ࡇࡿ࡞࡜㸬࡟࠺ࡼࡢࡇ㈇๛ᛶ

㒊ᮦࡿࢀ⌧ࡀཎᅉࡣḟࡿࢀࡽ࠼⪄࡟࠺ࡼࡢ㸬ᐃࡎࡦ

౯➼ࢆ࣮ࢠࣝࢿ࢚ࡳࡎࡦࡢࢺࢵࢽࣘ⤌㦵࡜せ⣲ࡳ

ࡿ࠶㈇࡛ࡀ๛ᗘࡧఙࡢ๪ᮦࡤ࠼㸪౛ࡽ࠿ࡿ࠸࡚ࡋ࡜

୺ᮦࡿ࡞࡜㸪㐣኱࡚࠸࠾࡟せ⣲ኚᙧ≧ែࡌྠࡣ࡜ࡇ

ࣝࢿ࢚ࡳࡎࡦ㈇ࡢ㈇๛ᛶ๪ᮦࢆ࣮ࢠࣝࢿ࢚ࡳࡎࡦ

 㸬ࡿࡍព࿡ࢆ࡜ࡇࡿ࠸࡚ࡋẅ┦࡚ࡗࡼ࡟࣮ࢠ

 ᘧ(15)ࡢ㠀ᑐゅ㡯ࡣ࠸ࡿ࠶ K sT ⿵ሙྜ㸪ࡢࣟࢮࡀ

ຓⅬ఩⨨ࡣせ⣲㎶ୖࡣ࠸ࡿ࠶↓㝈㐲Ⅼࡿ࡞࡜㸬ࢀࡇ

⬟ྍࡀᑐᛂࡓࡌᛂ࡟௳᮲ࡢࢀࡒࢀࡑࡣࢫ࣮ࢣࡢࡽ

㸪࣏ࡀࡿ࠶࡛ ್ࡢᐃ≉࡟᫬ྠࡀ≦せ⣲ᙧ࡜ẚࣥࢯ࢔

ࡢࣉ࢖ࢱ㸱ࡤࢀ࠼ኚࢆ≦せ⣲ᙧࡾ࠶࡛ࡵࡓࡿྲྀࢆ

ఱࡿ࡞࡟࠿ࢀ㸬࠾࡞㸪ν = 1 / ࡣṇ୕ゅᙧせ⣲࡛ࡢ3

୺ᮦࡢࡳࡢ⡆₩࡟ࣝࢹࣔ࡞⨨᥮࡛ࡿࡁ㸬 

 ௨ୖࡢ⌮ㄽ࡟ᇶ࡙ࡃ㍈ຊ㦵⤌ࣘࡢࢺࢵࢽ๛ᛶ᪉

⛬ᘧࡣᐃࡳࡎࡦせ⣲࡜᏶඲ࡿࡍ⮴୍࡟㸬ࡋ࠿ࡋ㸪㠀

ᢠᅽ࡛ࡢࡇࡵࡓ࠸࡞ࡣ≉ᛶࢆ୚ࡣ࡟ࡿ࠼㍈ຊᮦࢆ

㐺ษ࡟ᰂ࡟ࣝࣈ࣮ࢣ⨨᥮ࡿࡍᚲせࡿ࠶ࡀ㸬 

 

3.2  せ⣲ࢺࢵࢽࣘࣝࣈ࣮ࢣ

 㦵⤌ࣘࣝࣈ࣮ࢣࢆࢺࢵࢽ⨨᥮ࡁ࡜ࡿࡍ㸪㠀ᢠᅽᛶ

ᣲࡢせ⣲ࡳࡎࡦᐃࡣ࡟ᙇ᫬⥭ࡽࡀ࡞ࡋᣢ⥔࡟ᖖࢆ

 㸬ࡿࡵᐃࢆ௳᮲ࡢḟࡵࡓࡿࡍࡃࡋ➼ࡰ࡯࡟ື

i) ࣘࢺࢵࢽ⥲㔜㔞ࡣ⭷せ⣲㔜㔞࠸ࡋ➼࡟㸬 

ii) ྛ㒊ᮦ୧➃ࡪ⤖ࢆᘻ᪉ྥࡢఙࡧ๛ᗘࡣ๓⠇࡛ᐃ

㍈ຊࡣ࠸ࡿ࠶㸪࠸ࡋ➼࡟๛ᗘࡧ㍈ຊ㒊ᮦఙࡓࡵ

 㸬࠸ࡋ➼ࡰ࡯ࡁ࡜࠸ࡁ༑ศ኱ࡀ

iii) ࣘࡢࢺࢵࢽせ⣲ኚᙧࡣ㸪 

         ∆l1 > −l1 , ∆l2 > −l2 , ∆l1 > −l1  

 㸪࡟ᖖ࡚࠸࠾࡟ᐃ⩏ᇦࡢࡇ㸪ࡕᣢࢆᐃ⩏ᇦࡢ   

            P1 > 0,  P2 > 0,  P3 > 0  

㸱㡬Ⅼࢺࢵࢽࣘࡃ㝖ࢆ㸪⿵ຓⅬ࡟ࡽࡉ㸬ࡿ࠶࡛

ࡁ࡜ࡿࡍ཰ᩡ࡟Ⅼ୍ࡀ P1,  P2 ,  P3 ඲࡚࡟ࣟࢮ཰

᮰ࡿࡍ㸬 

iv) ㍈ຊ㦵⤌ࣘࢺࢵࢽ⥭ᙇ᫬㸪 

       ∆l1 ≥ 0  and  ∆l2 ≥ 0  and  ∆l3 ≥ 0  

㒊ᮦ㍈ྛࡿࡲᐃ࡟࡜ࡶࡢᚤᑠኚᙧ௬ᐃ࡚࠸࠾࡟

ຊࡢᘬᙇࡣ࠸ࡿ࠶ᅽ⦰ࡣ iii)ࡢᐃ⩏ᇦෆ࡛ኚ໬

㸬ࡿࡍ࡜⥆㐃࡟ᖖࡣ๛ᛶࡧࡼ࠾㍈ຊࡢࡑ㸪ࡎࡏ

ᙇ᫬ᚤᑠኚᙧ௬ᐃ⥭ࡳࡢ࡟᥮⨨ࣝࣈ࣮ࢣ㸪࠾࡞

᭷㝈ኚ࡚࠸࠾࡟඲ᐃ⩏ᇦࡣ⟭㸪ᩘ್ィࡋ⏝㐺ࢆ

ᙧࡿࡍ࡜㸬 

v) ࣘࢺࢵࢽᘱ⦆᫬ࡣ᭷㝈ኚᙧࡢࡢࡶࡿࡍ࡜㸪ኚᙧ

✀㒊ᮦྛࡓࢀࡉ᥮⨨ࡸࣉ࢖ࢱࢺࢵࢽ࡚ࣘࡗࡼ࡟

࡜᭷㝈ኚᙧࡣ௬ᐃࡳࡎࡦ㸪ᐃࡓࡲ㸬࠸࡞࠼᥮ࡣ

 㸬࠸࡞ࢀࡉ⏝㐺ࡣ࡟ᘱ⦆᫬ࡿࡍ

 ௨ୖࡢ᮲௳ࢆ‶㊊ࡣ࡟ࡵࡓࡿࡍḟࡢ㸱✀㢮ࡢ㒊

ᮦࡿࡼ࡟⨨᥮ࡀᚲせࡿ࡞࡜㸬 

a) ᙎᛶ࢝ࣝࣈ࣮ࢣ࣮ࣜࢼࢸ㸸༢࡜ࣝࣈ࣮ࢣ࡟࿧ࡪ㸬 

b) ㏻ᖖࡢᙎᛶ㍈ຊᮦ㸸୺࡟ᅽ⦰๪ᮦࡿ࠸⏝࡟㸬 

c) ཮᭤⥺㍈ຊᮦ㸸iii)ࡢ᮲௳ࡵࡓࡍࡓ‶ࢆ๪ᮦ࡟⏝

཮࡚ࡋ࡜ኚᩘࢆᘻ㛗ኚ໬㔞ࡪ⤖ࢆ➃㸪㒊ᮦ୧࠸
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᭤⥺㛵ᩘ࡚ࡗࡼ࡟༢┦㍈ຊࡿࢀࡉࢃ⾲ࡀ㒊ᮦ࡛

 㸬ࡿ࠶

 ௨ୗ㸪㒊ᮦ๛ᛶࡀṇ࡛ࡿ࠶ሙྜࣉ࢖ࢱ࡚࠸ࡘ࡟ẖ

ࡿࡼ࡟ᑐ್๛ᛶ⤯ࡶ࡚ࡗ࡞࡜㈇ࡀ㸬๛ᛶࡿࡍㄝ᫂࡟

࡛ࡳࡢࡿࡍṇ㈇཯㌿ࢆ᥋⥺๛ᛶᘧ࡜ຊ➃ࣝࣈ࣮ࢣ

ᑐᛂ࡛ࡁ㸪཮᭤⥺㍈ຊᮦྠࡶᵝ࡛ࡿ࠶㸬 

㸦㸯㸧ࣉ࢖ࢱ㸯㸸᮲௳ iii)ࡽ࠿඲࡚࡟ࣝࣈ࣮ࢣ⨨᥮

㡬Ⅼ㛫ྛࢀࡒࢀࡑࡣᛂຊ㛗↓ࡢ๪ᮦ࡜㸬୺ᮦࡿࡁ࡛

㊥㞳ྛࡧࡼ࠾㡬Ⅼ࡜⿵ຓⅬ㛫㊥㞳࡛ࡾ࠶㸪ᘧ(21)㸪

㸬ࣘࡿࡲᐃࡀ๛ᛶࡧఙࡾࡼ(22) ⥲ࣝࣈ࣮ࢣ඲ࢺࢵࢽ

㔜㔞ࢆ⭷⮬㔜ࡤࡅ࠾ࡃࡋ➼࡜㸪↓ᛂຊ᫬ࡢࣝࣈ࣮ࢣ

༢఩㛗㔜㔞ࡀᐃࡿࡲ㸬 

㸦㸰㸧ࣉ࢖ࢱ㸰㸸୺ᮦࡾ࡞࡜ࣝࣈ࣮ࢣࡳࡢ୺ᮦ⥲㔜

㔞ࡀせ⣲㔜㔞ࡿ࡞࡜㸬୺ᮦࡢ↓ᛂຊ㛗ࡧࡼ࠾ఙࡧ๛

ᛶࣉ࢖ࢱࡣ㸯ࡿ࠶࡛ࡌྠ࡟㸬๪ᮦࡣ࡚࠸ࡘ࡟㸪

hn > 㡬Ⅼࡿࡍᑐ࡟㎶ࡢ0 n ᮲ࡣ๪ᮦࡿࡍᑕฟࡽ࠿

௳ iv)࡟࡜ࡶࡢᅽ⦰ຊ࡛ࡵࡓࡿ࠶ᙎᛶ㍈ຊᮦࡿ࡞࡜㸬

୍᪉㸪hn < ࡽ࠿㡬Ⅼࡿࡍᑐ࡟ࢀࡒࢀࡑ㸰㎶ࡿ࠶0࡛

ᑕฟࡿࡍ㸰๪ᮦࡣᙇຊ࡛ࡾ࠶㸪᮲௳ iii)ࡓࡍࡓ‶ࢆ

 㸬ࡿ࠸⏝ࢆ཮᭤⥺㍈ຊ㒊ᮦࡵ

㸦㸱㸧ࣉ࢖ࢱ㸱㸸୺ᮦࣉ࢖ࢱࡣ㸰ࡿ࠶࡛ࡌྠ࡟㸬๪

ᮦࡣ࡚࠸ࡘ࡟㸪hn > 㡬Ⅼࡿࡍᑐ࡟ࢀࡒࢀࡑ㸰㎶ࡢ0

ᐃ⩏ᇦࡢ㸬ኚᙧࡿ࡞࡜ᅽ⦰ຊࡣ㸰๪ᮦࡿࡍᑕฟࡽ࠿

ࡓ࠸࡞ࡋ⏕Ⓨࡀኚ໬┦࡟㸰㒊ᮦ㍈ຊࡢࡇ࡚࠸࠾࡟

๪ᮦࡢ᪉࠸ᙎᛶ㍈ຊᮦ㸪㛗ࡣ๪ᮦࡢ᪉࠸▷㸪ࡣ࡟ࡵ

࡞࡜཮᭤⥺ᅽ⦰㍈ຊᮦࡓࢀࡽࡵᐃࡀ㝈ୖࡢኚᙧࡣ

㸬hnࡿ < 㡬Ⅼࡿࡍᑐ࡟㎶ࡢ0 n ࡣ๪ᮦࡿࡍᑕฟࡽ࠿

ኚᙧࡢୗ㝈ࡀᐃࡓࢀࡽࡵ཮᭤⥺ᙇຊᮦࡿ࡞࡜㸬 

ࡑ࡟࠺ࡼ࡞࠿ࡽ᫂ࡽ࠿ᵓ㐀ࡣ㸱࡜㸰ࣉ࢖ࢱ㸪࠾࡞ 

 㸬ࡿࢀࡉ㝈ᐃ࡟せ⣲ᖹ㠃ୖࡣ⨨ຓⅬ఩⿵ࡢ

 ཮᭤⥺㍈ຊᮦࢆᑟධࡿࡍ┠ⓗࡣ㸪๪ᮦ㍈ຊࡀᅽ⦰

ຊࡽ࠿ᘬᙇຊ࡟㸪ࡣ࠸ࡿ࠶ᘬᙇຊࡽ࠿ᅽ⦰ຊ࠺ࡼࡢ

ࣟࢮࢆኚᙧ㔞࡛㍈ຊࡓࡵᐃࡃ࡞࡜ࡇࡿࡍኚ໬┦࡟

 㸬ࡿ࠶࡟Ⅼࡿࡁタᐃ࡛࡟

 ཮᭤⥺㛵ᩘࡢᘬᙇຊᘧࢺࢵࢿࣝࣈ࣮ࢣࡓ࠸⏝ࢆ

ゎᯒࡢ◊✲ ᐃࡢࡑ࡚ࡋ࡜ኚᙧ㔞ࢆᘻ㛗ኚ໬ࡣ࡛ (9

⩏ᇦࢆ −∞ < ∆l < ∞ ⩏ᐃࡢࡑࡣ㸬ᮏㄽ࡛ࡿ࠸࡚ࡋ࡜

ᇦࢆᘬᙇຊ࡛ࡣୗ㝈㸪ᅽ⦰ຊ࡛ୖࡣ㝈࡟☜᫂ࢆᐃࡵ

࡚౑⏝ࡿࡍ㸬ᅗ−9 ࡇ㸪࡟࠺ࡼࡍ♧ࢆ౛ࡢᘬᙇຊ࡟

ୗ㝈ࡢព௵ࡣ཮᭤⥺㍈ຊᘧࡢ (∆l ≥ −∆lm タᐃ࡛ࢆ(

㸪ࡓࡲ㸬ࡘᣢࢆ฼Ⅼࡿࡁ ∆l1 = ∆l2 = ∆l3 = 0 ែ≦ࡢ

࡛㔜ຊሙ࡟Ỉᖹᨭᣢ࠾࡟ࢺࢵࢽࣘࣝࣈ࣮ࢣࡓࢀࡉ

ࢆ㍈ຊࡿࡍ⏕Ⓨ࡟๪ᮦ࡚࠸ ∆l = ㍈ຊࡿࡅ࠾࡟0 N 0

཮᭤⥺㍈ࡿ㏻ࢆ㸰Ⅼࡽࢀࡇ㸬ࡿࡁ࡛ࡀ࡜ࡇࡿࡵᐃ࡜

ຊᘧࡣ㸪⥺ᙧ๛ᛶ┤⥺ୖࡢཎⅬ⛣ືࡾࡼ࡟ḟ࠺ࡼࡢ

 㸬ࡿࢀࡉࢃ⾲࡟

N ± N d =
ks

2
∆l ± ∆ld( )± N h

2 +
ks

2

4
(∆l ± ∆ld )2  (26) 

ᅽ⦰ຊᘧࡀᙇຊᘧ㸪Ѹࡀ㸩ࡾ࠶㸪」ྕྠ㡰࡛࡟ࡇࡇ

㸪ࡓࡲ㸬ࡿ࠶࡛ ∆lm ࡜ N 0  㸬ࡿࡲỴࡀᐃᩘࡢḟࡾࡼ
 
  N d = N h

2 / Nm ,      ∆ld = N h
2 / (ksNm )      (27a, b) 

 
  N h

2 = N 0
2Nm / (Nm − N 0 ),        Nm = ks∆lm  (27c, d) 

 
 ཮᭤⥺ᅽ⦰ຊᘧ࡛ࡣ㸪ఙࡧኚᙧୖࡢ㝈 ∆l = ∆lm ࡟
࡚࠸࠾ N = 0㸪∆l = ࡚࠸࠾࡟0 N = −N 0 ࡞㸬ࡿ࠶࡛

ኚࡢ཮᭤⥺㍈ຊᮦࡿࡍ⏝౑࡟㸱ࡧࡼ࠾㸰ࣉ࢖ࢱ㸪࠾

ᙧୗ㝈್ୖࡣ࠸ࡿ࠶㝈್ࡣ㸪㸱㡬Ⅼࡀᙎᛶ㍈ຊᮦࡢ

ࡓࡿ࠶ᴟ㝈≧ែ࡛ࡓࡋ཰ᩡ࡟㡬Ⅼഃ➃㒊ࢺࢵࢽࣘ

 㸬ࡿ࡞࡜ᕪࡢ཮᭤⥺㍈ຊᮦ㛗࡜ᙎᛶ㍈ຊᮦ㛗ࡵ

᭷㝈ኚ఩ゎࡓ࠸⏝ࢆࢺࢵࢽࣘࣝࣈ࣮ࢣࡢࡽࢀࡇ 

ᯒࡣ㸪ࡴྵࢆࣝࣈ࣮ࢣ㦵⤌ᵓ㐀ࡢᗄఱᏛⓗ㠀⥺ᙧၥ

㢟࡛ࡵࡓࡿ࠶⿵ຓⅬኚ఩ࡶ᭷㝈࡛ࡾ࠶㸪⭷せ⣲ࢆ᭷

㝈ኚᙧ࡚ࡋ࡜ゎᯒࡿ࡞࡟࡜ࡇࡿࡍ㸬ᘧ(26)ࡢ᥋⥺๛

ᛶࢆ ks = dN / d∆l 㸪㸱ḟඖඹ㏻ᗙᶆ⣔ࡿࡅ࠾࡟㒊ᮦ

ᘻ᪉ྥవᘻࢆ αααα ᥋⥺ᗄࡢ㸪཮᭤⥺㍈ຊᮦࡤࢀࡍ࡜

ఱ๛ᛶ᪉⛬ᘧࡣḟࡿ࡞࡟࠺ࡼࡢ㸬 

δU n

δU 4









= ks

αααααααα T −αααααααα T

−−−−αααααααα T αααααααα T
















 

    +
N

l p

e − αααααααα T −((((e − αααααααα T ))))

−(e − αααααααα T ) e − αααααααα T
















δun

δu4








 (28a) 

      =
k p −k p

−k p k p











δun

δu4








     (n = 1, 2, 3)  (28b) 

㸪l࡟ࡇࡇ p㸸㒊ᮦᘻ㛗㸪e㸸༢఩࣐ࡿ࠶࡛ࢫࢡࣜࢺ㸬

㏻ᖖ㍈ຊ㒊ᮦ࡛ࡣᘧ(28a)ࡢ ks ࡢᘧ(21)࡟༢ࢆ ks ࡟

ኚ࠸ࡼࡤࢀ࠼㸬 

 ᮏ⠇᭱ᚋ࡟せ⣲ෆᛂຊ࡚࠸ࡘ࡟㏙ࡃ࠾࡚࡭㸬㸰୺

㍈࡟ࡶ࡜ᘱ⦆≧ែࡁ࡜ࡿ࠶࡟㸪ࡓࡿ࠸⏝ࢆࣝࣈ࣮ࢣ

⦅㸪ᘱࡋ࠿ࡋ㸬࠸࡞ࡁ࡛ࡣ࡜ࡇࡿࡵồࢆᛂຊࡢࡑࡵ

᫬ᘬᙇᛂຊࡣ㠀ᖖ࡟ᑠࡃࡉ㸪ᐇ⏝ୖࡣᘬᙇഃ୺㍈ᛂ

ຊࡀ㔜せࡿ࡞࡜㸬ࡢࡇ୺㍈ᘬᙇᛂຊࡣḟ࡟࠺ࡼࡢィ

㸬ࣘࡿࡁ࡛⟭ ᘧࡍ♧࡟௜㘓୰ࡁᇶ࡙࡟ኚᙧࡢࢺࢵࢽ

ᅗ−17ࡾࡼ(32) ࢆࡳࡎࡦせ⣲ෆᐃࡃᇶ࡙࡟ᗙᶆ⣔ࡢ

ᚓࡿ㸬ࡳࡎࡦࡢࡇ ε x ,  ε y ,  γ ࡳࡎࡦ୺ࡿࢀࡽᚓࡽ࠿

ࢆ ε x ,  ε y 㸪ࡤࡅ࠾࡜ ε y ≤ −νε x ࡁ࡜ࡢ y ㍈ࡣᘱ⦆≧

ែࡾ࠶࡟ᘬᙇ㍈࡛ࡿ࠶ x ㍈ࡢᛂຊࡣσ x = Eε x ࡞࡜

 㸬ࡿ

 

3.3  ẚ㍑ࡢせ⣲ࡳࡎࡦᐃ࡜せ⣲ࢺࢵࢽࣘࣝࣈ࣮ࢣ

 ๓⠇࡚࠸࠾࡟ᵓᡂࡘ࡟ࢺࢵࢽࣘࣝࣈ࣮ࢣࡓࢀࡉ

㸪ࡃࡋ➼ࡰ࡯࡟ᣲືࡢせ⣲ࡳࡎࡦᐃࡣ࡟ᙇ᫬⥭࡚࠸

ᘱ⦆᫬ࡣ࡟᏶඲࡟㠀ᢠᅽ್࡛ᩘࢆ࡜ࡇࡿ࠶ィ⟬࡟

 㸬ࡿࡍㄆ☜࡚ࡗࡼ

㸪せ⣲➃እຊ࡚࠸ࡘ࡟せ⣲༢యࢺࢵࢽࣘࣝࣈ࣮ࢣ 

ࡳࡎࡦᐃࢆኚᙧ≧ែ᩿ࢇࡏࡧࡼ࠾ᘱ⦆㸪⥭ᙇࡿࡼ࡟

せ⣲࡟ࡶ࡜࡜ồࡵẚ㍑ࡿࡍ㸬ィ⟬ࡓ࠸⏝࡟せ⣲ࡣᅗ㸪 

-17-



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

−10 ㎶୍ࡍ♧࡟ 1m ࢀࡒࢀࡑࡀ㎶㛗࡜ṇ୕ゅᙧࡢ

1m, 0.8m, 0.6mࡢ┤ゅ୕ゅᙧ࡛ࡿ࠶㸬⭷ᮦࡣ࡟ఙࡧ

๛ᛶ㸸Et = 882kN/m㸪༢఩㠃✚㔜㔞㸸w = 9.8N/m 2

ẚ㸸νࣥࢯ࢔࣏ = 0.4 ࢸ࣮ࢥࣅሷࡣࡽࢀࡇ㸪࠸⏝ࢆ

㸬ṇ୕ゅᙧせ⣲ࡿࡍᙜ┦࡟ᇶᕸࣝࢸࢫ࢚࣏ࣜࢢࣥ࢕

ࡑ㸪ࡾ࡞࡜㸰ࣉ࢖ࢱࡣ㸯㸪┤ゅ୕ゅᙧせ⣲ࣉ࢖ࢱࡣ

ࢆ๛ᛶࡧ㒊ᮦఙྛࢺࢵࢽࣘࡢࢀࡒࢀ 3.1 ⠇ࡢ⌮ㄽ

 㸬ࡿ࡞࡜1−⾲ࡤࢀࡵồࡽ࠿

 

 ๛ᛶ(kN/m)ࡧఙࡢ㒊ᮦྛࢺࢵࢽࣘ 1−⾲

Type k1  k2  k3  ks  

1 363.7 363.7 363.7 181.9 

2 187.5 542.5 113.8 1156 

 

 ༢୍ࣘࢆࢺࢵࢽ㔜ຊሙ࡛㸱㡬ⅬỈᖹᨭᣢࡋ㸪ᅗ−

10 ࡣ࠸ࡿ࠶⦅ᘱࡀせ⣲࡟㸱࡜ᨭⅬ㸰࡟࠺ࡼࡍ♧࡟

⥭ᙇ≧ែࡿ࡞࡜ᙉไኚ఩ ∆u2 ,  ∆v3 ኱ࡌྠ࡟᫬ྠࢆ

㛵ࡢせ⣲➃እຊ࡜ᙉไኚ఩ࡾࡼ࡟ࢀࡇ㸬ࡿ࠼୚ࡉࡁ

ಀࡣᅗ−11㸦㸯㸧㸪㸦㸰㸧ࡿ࡞࡜㸬ᙉไኚ఩ࡣࣟࢮ

ᨭⅬ㛫㊥㞳ࡀせ⣲↓ᛂຊᑍἲࡾ࠶࡛ࡁ࡜ࡢ㸪ࡼࢀࡇ

 ࡢࢺࢵࢽࣘࣝࣈ࣮ࢣ࡟ࡶ࡜࡜ᑟධࡢᙇ⥭࡞࠿ഹࡾ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

せ⣲➃እຊࡣᐃࡳࡎࡦせ⣲࡞ࡃࡋ➼ࡰ࡯࡜ࢀࡑࡢ

㸬୍ࡿ ᪉㸪ᘱ⦆㐍⾜࡟ࡶ࡜࡜እຊࡣ཯㌿࡞࡜ࡇࡿࡍ

ࢽࣘࣝࣈ࣮ࢣ㸪࡚ࡗࡀࡓࡋ㸬ࡿ࠸࡚ࡋ₞㏆࡟ࣟࢮࡃ

ᣲࡌྠ࡝ࢇ࡜࡯࡜せ⣲ࡳࡎࡦᐃࡣ࡟ᙇ᫬⥭ࡣࢺࢵ

ࡁㄆ࡛☜ࡀ࡜ࡇࡘᣢࢆ㠀ᢠᅽᛶ࡟ࡶ࡜࡜ࡍ♧ࢆື

ࡳࡢẚࣥࢯ࢔࣏࡟≦せ⣲ᙧࡌྠ࡜㸬ᅗ−10㸦㸰㸧ࡿ

ν = ᅗࡶሙྜࡢࡇ㸪ࡾ࡞࡜㸱ࣉ࢖ࢱࡤࢀ࠼ኚ࡟0.3

−11 ᘓ⠏⏝⭷ᮦࡢࡃ㸬ከࡓᚓࢆᯝ⤖ࡢᵝྠ࡜ ࡣ(15

ν > 1 / ࢺࢵࢽࣘࣝࣈ࣮ࢣࡢ㸰࠿㸯ࣉ࢖ࢱ㸪ࡾ࠶3࡛

 㸬ࡿ࡞࡜ᵓ㐀ゎᯒ⭷ࡓࡋ࡜୺యࢆ

ṇ୕ゅ࡚࠸ࡘ࡟᢬ᢠ᩿ࢇࡏࡢࢺࢵࢽࣘࣝࣈ࣮ࢣ 

ᙧせ⣲ࡢ౛ࢆᅗ−12 ࢵࢽࣘࣝࣈ࣮ࢣ㸬ࡿ࠸࡚ࡋ♧࡟

࠸࡞ࡋẚ౛ࡣኚᙧ࡜እຊࡵࡓࡿࡍ࡜᭷㝈ኚᙧࡣࢺ

ࡣ࡛ࢁࡇ࡜࠸ࡉᑠ࡟㠀ᖖࡀኚᙧ࡟࠺ࡼࡢ㸪ᅗࡢࡢࡶ

ࡏࡢせ⣲ࡳࡎࡦᐃࡣࡁഴࡢࡑ㸪ࡾ࡞࡜⥺┤࡝ࢇ࡜࡯

ࡰ࡯ࡋᑐ࡟᢬ᢠ᩿ࢇ 1/2 㸪ṇ୕ࡣ࡜ࡇࡢࡇ㸬ࡿ࠶࡛

ゅᙧࡢᑐ⛠ᛶ࡜㠀ᢠᅽ⭷ᮦ࡚ࡋ࡜ᅽ⦰ഃ๛ᛶࡀᏑ

ᅾ࠸࡞ࡋⅬࡤࢀ࠼⪄ࢆ㸪᩿ࢇࡏࡣࢺࢵࢽࣘࣝࣈ࣮ࢣ

≧ែࡿ࠶࡟⭷ᮦࡢ≉ᛶࡰ࡯ࡶ࡚࠸ࡘ࡟ṇࡋ⾲ࡃࡋ

 㸬ࡿࡁホ౯࡛࡜ࡿ࠸࡚

 

ኚ఩∆u2 = ∆v3 (mm) 

U 2 㸦ᐃࡳࡎࡦせ⣲㸧 

U 2 㸦ࢺࢵࢽࣘࣝࣈ࣮ࢣ㸧 

V3㸦ᐃࡳࡎࡦせ⣲㸧 

V3㸦ࢺࢵࢽࣘࣝࣈ࣮ࢣ㸧 

せ⣲➃እຊU2 ,V3 (N) 
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ኚ఩∆u2 = ∆v3 (mm) 

せ⣲➃እຊU2 ,V3 (N) 

-400 

-200 

0 

200 

400 

-3 -2 -1 0 1 

U 2 㸦ᐃࡳࡎࡦせ⣲㸧 

U 2 㸦ࢺࢵࢽࣘࣝࣈ࣮ࢣ㸧 

V3㸦ᐃࡳࡎࡦせ⣲㸧 

V3㸦ࢺࢵࢽࣘࣝࣈ࣮ࢣ㸧 

㸦㸯㸧ṇ୕ゅᙧせ⣲ 㸦㸰㸧┤ゅ୕ゅᙧせ⣲ 

ᅗ−11ࡢࢺࢵࢽࣘࣝࣈ࣮ࢣᘱ⦆ࡽ࠿⥭ᙇ≧ែࡿࡅ࠾࡟せ⣲➃እຊ࡜ኚᙧࡢ㛵ಀ 

U2
U2

V3 V3

ᅗ−12ṇ୕ゅᙧ᩿ࣘࢇࡏࡢࢺࢵࢽ᢬ᢠ 

-1000 

-500 

0 

500 

1000 

-5 0 5 

せ⣲➃እຊU 3 (N) 

ኚ఩ ∆u3  (mm) 

ࣈ࣮ࢣ  ࣝ

 ࢺࢵࢽࣘ

ᐃࡳࡎࡦせ⣲ 

ᅗ−10ィ⟬ࣉ࢖ࢱࡓ࠸⏝࡟㸯࡜㸰ࢺࢵࢽࣘࣝࣈ࣮ࢣࡢ 

㸦㸯㸧ṇ୕ゅᙧࣘࢺࢵࢽ 

V3    ∆v3

U 3

∆u3

U2

∆u2

1(0, 0 ) 2 (1, 0 )

3
1

2
,

3

2








4
1

2
,

3

6







k1

k2

k3

ks

ks

ks

1(0, 0 )

U2 ,  ∆u2

V3    ∆v3

3(0, 0.6 )

2 (0 .8, 0 )

4 (−2.4 ,  -1 .8 )

ks
ks

ks

k1
k2

k3

㸦㸰㸧┤ゅ୕ゅᙧࣘࢺࢵࢽ 

༢఩ (m) 
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㸲㸬⭷ᵓ㐀≀ࡢ᭷㝈ኚ఩ゎᯒ౛ 

 

ࡘ࡟≀ᵓ㐀⭷ࡢࡘ㸰ࡓ࠸⏝ࢆࢺࢵࢽࣘࣝࣈ࣮ࢣ 

ࣘࣝࣈ࣮ࢣࡣ࡛⟭ィࡢ㸬௨ୗࡍ♧ࢆィ⟬౛್ᩘ࡚࠸

㸪ࡕࢃ࡞ࡍ㸬ࡓࡗ⾜ࢆゎᯒ࡚ࡋ࡜㒊ศᵓ㐀ࢆࢺࢵࢽ

඲యᵓ㐀ࡢ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࢆゎࡁ㸪⠇Ⅼኚ఩ࡼ

᭷㝈ኚ఩཯᚟ィࡽ࠿㡬Ⅼᗙᶆࢺࢵࢽࣘࡓࡋ᭦᪂ࡾ

㸬⿵ຓⅬࡿ࠶࡛ࡢࡶࡿࡵồࢆ⨨ຓⅬ఩⿵࡟࡜ࡶࡢ⟭

఩⨨ࡀᐃࢺࢵࢽࣘࡤࢀࡲ➃ຊࡴྵࢆ≧ែ㔞ࡀ☜ᐃ

࡟⠇Ⅼࢆ㸪⿵ຓⅬࡾࡼ࡟⏝㐺ࡢ㒊ศᵓ㐀ࡢࡇ㸬ࡿࡍ

ᗘᩘ⏤⮬⥲ࡢศ௨ୗ༙࡭ẚ࡟඲య㦵⤌ゎᯒࡿࡵྵ

ຊᏛⓗࡣ㸪඲యᵓ㐀ゎᯒࡓࡲ㸬ࡿ࡞࡜ NRἲ࠸ࡿ࠶

࠸౑ࡾࡼ࡟↓᭷ࡢࣝࣈ࣮ࢣ㈇๛ᛶࢆⓗ⦆࿴ἲືࡣ

ศࡿ࠸࡚ࡅ㸬 

 ᅗ−13 ᙧᖹ㠃▴ࡓࢀࡽࡆୗࡾྞࡋᅛᐃࢆ㎶▷ࡣ

⭷㸦8.66 x 20m㸪࣏ࣥࢯ࢔ẚ 0.4㸧ࡢᙉไኚ఩ࡼ࡟

ᅛᐃ㎶㒊ࡣ⭷㸬ᖹ㠃ࡿ࠶࡛ࡢࡶࡓࡋ♧ࢆ≦ኚᙧᙧࡿ

㎶ᩳࡳࡢ 1mࡢ┤ゅ୕ゅᙧせ⣲㸪ࢀࡑ௨እࡣ඲࡚㎶

㛗 1mࡢṇ୕ゅᙧࡿࡍ࡜⥲ᩘ 410せ⣲࡚ࡗࡼ࡟ᵓᡂ

⠇Ⅼࡵࡓࡓࡋඃඛࢆ⌮㞃⥺ฎࡣ㸬ኚᙧᅗࡿ࠸࡚ࢀࡉ

㛫ࡀࡿ࠸࡚ࡋ࡜⥺┤ࢆ㸪ᅗ−13(2)࡟࠺ࡼࡢ኱ᇦⓗ࡞

ᘱ⦆≧ែ࡟ࡶ࡜࡜ᕥഃᡭ๓࡟Ⓨ⏕ࡓࡋ㒊ศⓗ࡞⓾

≧ἣࡶどぬⓗࡿࡁูุ࡛࡟㸬໚ㄽ㸪ྛ せ⣲࡚࠸ࡘ࡟

ᘧ(32)ࢆࡳࡎࡦࡾࡼồࡤࢀࡵᘱ⦆࡜⥭ᙇࡣูࡢ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 㸬ࡿࡁูุ࡛࡟☜᫂

 ᅗ−14ࡣᅗ−13 ࡜⨨㖄┤఩ࡢᙉไኚ఩Ⅼࡿࡅ࠾࡟

ᙉไኚ఩ᨭⅬ཯ຊࡢ㛵ಀ࡛ࡢࡶࡓࡋ♧ࢆ㸪࣏ ࣥࢯ࢔

ẚ 0.4 ࡜ ౑ࡢࡽࢀࡇ㸬ࡿ࠸࡚ࡋẚ㍑ࢆࢫ࣮ࢣࡢ0.3

⏝⭷ᮦࡣ 3.3⠇ࡀࡿ࠶࡛ࡢࡶࡌྠ࡜㸪࣏ ࡢẚࣥࢯ࢔

ࡳ 0.3 ࡣ㸬ṇ୕ゅᙧせ⣲ࡓ࠸⏝࡟ẚ㍑ࢆ⭷ࡓ࠼ኚ࡟

ࡿ࠶࡛ࢺࢵࢽࣘࡢ㸯ࣉ࢖ࢱࡎࡽࢃ㛵࡟ẚࣥࢯ࢔࣏

ẚࣥࢯ࢔࣏ࡣ㸪๪ᮦࡢࡢࡶ 0.4 ṇ๛ᛶ㸪0.3ࡁ࡜ࡢ

ࡣ㸬┤ゅ୕ゅᙧせ⣲ࡿ࡞࡜㈇๛ᛶࡁ࡜ࡢ 3.3⠇࡟㏙

ẚࣥࢯ࢔࣏࡟࠺ࡼࡓ࡭ 0.4 㸰㸪0.3ࣉ࢖ࢱࡁ࡜ࡢ ࡢ

㸬ࡿ࠶ṇ࡛࡟ࡶ࡜ࡣ㸪๪ᮦ๛ᛶࡾ࡞࡜㸱ࣉ࢖ࢱࡁ࡜

ࡀࣉ࢖ࢱࢺࢵࢽࣘࣝࣈ࣮ࢣࡸ๪ᮦ๛ᛶ࡟࠺ࡼࡢࡇ

ᅗ−14ࡶ࡚ࡗ࡞␗࡚ࡗࡼ࡟ẚࣥࢯ࢔࣏ ᛂ࡟࠺ࡼࡢ

࡚࠸ࡘ࡟ኚᙧ≧ែࡢ⭷㸪ࡎࡏኚ໬ࡃࡁ኱⛬ࢀࡑࡣ⟆

኱࡛᭱ࡣᕪࡢ⨨⠇Ⅼ఩ࡶ 40cm ⛬ᗘ࡛ࡓࡗ࠶㸬 

࡞␗࡛ࢫ࣮ࢣࡢࡘ㸰ࡣゎᯒᡭἲࡓࡋ⏝㸪᥇ࡋ࠿ࡋ 

ẚࣥࢯ࢔㸪࣏ࡾ 0.4 ຊᏛⓗࡁ࡜ࡢ NR ἲ㸪0.3 ࡜ࡢ

㸬࣏ࡿ࠸࡚࠸⏝ࢆⓗ⦆࿴ἲືࡁ ẚࣥࢯ࢔ 0.4 ࢱࡣ࡛

࣮ࢣṇ๛ᛶࡢࡢࡶࡿࢀࡲྵࡀ㍈ᅽ⦰ຊᮦ࡟㸰ࣉ࢖

ᵝྠ࡜ゎᯒࢺࢵࢿࣝࣈ࣮ࢣ㸪ࡵࡓࡿ࡞࡜୺యࡀࣝࣈ

ຊᏛⓗ࡟ NR ἲ࡚࠸⏝ࢆᑡ࠸࡞཯᚟ィ⟬࡚ࡗࡼ࡟

ᖹ⾮ゎࢆᚓࡿࡁ࡛ࡀ࡜ࡇࡿ㸬୍᪉㸪࣏ࣥࢯ࢔ẚ 0.3

ຊᏛⓗ࡟ࢫ࣮ࢣࡢ NR ἲࢆ㐺⏝᭱ࡤࢀࡍ኱୙ᖹ⾮

ຊࡢ᥎⛣ࢫ࢜࢝ࡣⓗࡓࡗ࡞࡜㸬࡚ࡗࡀࡓࡋ㸪཯᚟ᅇ

ᅗ−13 ྞ ᙧᖹ㠃⭷(ν▴ࡓࢀࡽࡆୗࡾ = 0.4 , 8.66x20m)ࡢ᭷㝈ኚ఩ゎᯒ౛ 

PA

5.208 m 

16 m 

8.66 m 

-3 m 
-6 m 

PB

(1) ึᮇ≧ែ (2) ᅛᐃ➃3ࡾࡼmᣢࡓࡆୖࡕ≧ែ (3) ᅛᐃ➃6ࡾࡼmᣢࡓࡆୖࡕ≧ែ 

10−5

10−1

10

10 3

10 5

཯᚟ᅇ  ᩘ

᭱኱୙ᖹ⾮ຊ (kN) 

ᅗ-15᭱኱୙ᖹ⾮ຊࡢ཰᮰㐣⛬ 

0 50 100 150 200 250 300 350 

10−3

ຊᏛⓗNRἲ(ν = 0.4)  

㸦-10.92m୍ࡢᣓᙉไኚ఩㸧 

ືⓗ⦆࿴ἲ(ν = 0.3)  

㸦-0.5mࡢᙉไኚ఩㸧 

ᙉไኚ఩Ⅼ఩⨨ (m) 

Ⲵ㔜PA + PB  (kN) 

ᅗ−14ᙉไኚ఩Ⅼࡢ఩⨨࡜Ⲵ㔜ࡢ㛵ಀ 

0 

1

2 

-6 -4 -2 0 246 

ν = 0.4

ν = 0.3

(ຊᏛⓗNRἲ) 

(ືⓗ⦆࿴ἲ) 
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ຊᏛⓗࡣᩘ NR ἲ࡟ẚ࡭ቑຍࡢࡢࡶࡿࡍ཰᮰ᛶ࡟

ᑐࢺࢫࣂࣟࡿࡍᛶࡀ㧗ື࠸ⓗ⦆࿴ἲ࡜ࡇࡿ࠸⏝ࢆ

 㸬ࡓࡋ࡜

 㸰࡚᭱࠸ࡘ࡟ࢫ࣮ࢣࡢࡘ኱୙ᖹ⾮ຊࡢ཰᮰㐣⛬

ẚࣥࢯ࢔㸬࣏ࡿ࠸࡚ࡋ♧࡟ᅗ−15ࢆ 0.3 ࡣࢫ࣮ࢣࡢ

ᙉไኚ఩Ⅼࣞ࣋ࣝ5.5-ࢆm 㸪ࡁ࡜ࡓࡆᣲ࡟6m-ࡽ࠿

ᙉไኚ఩Ⅼࣞ࣋⤊᭱ࡽ࠿ᮇ≧ែึࡣẚ0.4ࣥࢯ࢔࣏

ࣝ-6m୍࡛ࡲẼ࡟ᙉไኚ఩ࢆ୚ࡿ࠶࡛ࡢࡶࡓ࠼㸬ࡇ

㸪ࡢࡢࡶࡿࡍቑຍࡣ཯᚟ᅇᩘࡢⓗ⦆࿴ἲື࡟࠺ࡼࡢ

☜ᐇ࡟཰᮰ゎࢆ⟬ฟࡿࡍ㸬࠾࡞㸪ᐇ⭷ᵓ㐀≀࡛ࡣከ

ࡣẚࣥࢯ࢔࣏ࡢ౑⏝⭷ᮦࡢࡃ 1/3 ࠿࡜ࡇࡿ࠼㉸ࢆ

ࣉ࢖ࢱ࡚ࡋ࡜୺యࢆ㸯ࣉ࢖ࢱࡢࣝࣈ࣮ࢣ㸪ṇ๛ᛶࡽ

㸰㸪㸱ࢆᖹ㠃⿢᩿⭷࿘㎶㒊࡟㝈ᐃࡿࡍせ⣲ศ๭ࡼ࡟

ຊᏛⓗࡾ NR ἲࢆ㐺⏝࡛ࡿ࠸࡚࠼⪄࡜ࡿࡁ㸬 

 㒊ศᵓ㐀ࡢࡘ୍ࡓ࠸⏝ࢆ┠ⓗࡣ㸪ᅽ⦰ᮦ࡛ࡿ࠶㈇

๛ᛶࡀࣝࣈ࣮ࢣᏑᅾࡶ࡚ࡋ㠀ᢠᅽ࡚ࣘࡋ࡜ࢺࢵࢽ

ࡢᵝྠ࡜ゎᯒࢺࢵࢿࣝࣈ࣮ࢣ㸪ࡾ࡞࡜ᙇຊሙゎᯒࡢ

཰᮰㐣⛬࡜ࡿྲྀࢆ᥎ ࡿ࠶࡛ࡵࡓࡓࡋ㸬ࡋ࠿ࡋ㸪ຊ

Ꮫⓗ NR ἲࢫ࡚࢜࢝࠸⏝ࢆⓗ཯᚟㐣⛬࡜ࡇࡿྲྀࢆ

ᵓࢺࢵࢿࣝࣈ࣮ࢣࡣᵓ㐀ࡴྵࢆࣝࣈ࣮ࢣ㈇๛ᛶࡣ

㐀ࡀᣢ࣮ࢠࣝࢿ࢚ࡘ᭤㠃ࢆ࡜ࡇࡿ࡞␗ࡣ࡜ព࿡ࡋ

࢚ࡢพฝࡽࡀ࡞ࡾ࠶၏୍࡛ࡣ㸪ᴟ್ࡋࡔࡓ㸬ࡿ࠸࡚

 㸬ࡿ࠸࡚ࡋ ᥎࡜࠿࠸࡞ࡣ᭤㠃࡛࣮ࢠࣝࢿ

 ௚ࡢィ⟬౛ࡣᅗ−16 ࣒࣮ࢻ⭷஬ゅᙧ✵Ẽࡍ♧࡟

ࡣ㸪⭷ᮦࡾ࠶ゎᯒ࡛ࣥࣙࢩ࣮ࣞࣇࣥ࢖ࡢ 3.3 ⠇ྠ࡜

㡬ゅࡣ࣒࣮ࢻ㸬ࡿ࠸࡚ࡋ⏝౑ࢆࡢࡶࡌ 58°㸪ᗏ㎶

10m ❧ࡓࡏࢃྜࡾ㈞ࢆ஧➼㎶୕ゅᙧᖹ㠃⭷㸳ᯛࡢ

య⭷ᵓ㐀࡛ࡾ࠶㸪ࡢࡇᖹ㠃⭷࡟┦ఝ࡞ᗏ㎶ 1mࡢ஧

➼㎶୕ゅᙧ 500 せ⣲࡚ࡗࡼ࡟ᵓᡂࡿ࠸࡚ࢀࡉ㸬ࡢࡇ

せ⣲ᙧ≧ࣥࢯ࢔࣏࡜ẚν = 0.4 ࣮ࢣ඲࡚ṇ๛ᛶࡽ࠿

ࡗࡀࡓࡋ㸬ࡿ࡞࡜ࢺࢵࢽࣘࡢ㸯ࣉ࢖ࢱࡿᡂࡽ࠿ࣝࣈ

࡚㸪㏻ᖖࡢⲴ㔜ゎᯒ࡛ࡤࢀ࠶⥙┠ᙧ≧ࡢࡶࡿ࡞␗ࡣ

ࡢ 2.4 ⠇ࢺࢵࢿࣝࣈ࣮ࢣࡓࡋ♧࡟ゎᯒྠ࡜ᵝࡢィ

 㸬ࡿࡍព࿡ࢆ࡜ࡇ࠺⾜ࢆゎᯒࡢᵓ㐀⭷࡚ࡗࡼ࡟⟭

 ✵Ẽᅽࢺࢵࢽࣘࡣ㸱㡬Ⅼࡾࡼᐃࡿࡲᖹ㠃࡟┤஺

᪉ྥ࡟స⏝࡚ࡋ࡜ࡢࡶࡿࡍィ⟬ࡿ࠸࡚ࡋ㸬ࡗࡀࡓࡋ

࡚㸪ࡢࡇ⭷ᵓ㐀࡟స⏝ࡿࡍእຊࡣ㠀ಖᏑຊࡿ࡞࡜㸬

ࡼᵓ㐀ࡓࢀࡉᵓᡂࡽ࠿ࣝࣈ࣮ࢣ㸪඲࡚ṇ๛ᛶࡋ࠿ࡋ

ຊᏛⓗࡾ NR ἲࢆ㐺⏝࡛ࡁ㸪ᅗ࡟࠺ࡼࡢෆᅽቑຍ࡟

࡟཯᚟ᅇᩘ࠸࡞ᑡࡀ⟭ኚᙧィࡢ࣒࣮ࢻ⭷Ẽ✵ࡿࡼ

 㸬ࡿ࠶࡛⬟ྍࡾࡼ

 ᅗ−16(1)࣒࣮ࢻ࡟࠺ࡼࡢ࿘㎶࡜㡬㒊㸴⠇Ⅼࢆᅛ

ᐃࡓࡋ≧ែึࢆᮇ≧ែ࡚ࡋ࡜ᚎ࡟ࠎෆᅽࢆቑຍࡉ

㸪ෆᅽࡏ 13Pa ࡽ࠿ 14Pa 㡬㒊ᅛᐃⅬࡁ࡜ࡿࡍቑຍ࡟

㸬ෆᅽࡓࡋゎᨺࢆ 15Pa ࣝ࣋ࣞࡢ㡬㒊࣒࣮ࢻࡁ࡜ࡢ

ࡣ 4.55mࡓࡗ࡞࡜㸬 

 

㸳㸬⤖ㄽ 

 

 ᙇຊሙ⌮ㄽ࡚ࡋ࡜㸱ḟඖᙎᛶ࢝ࣈ࣮ࢣ࣮ࣜࢼࢸ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ࢹࣔࡢࡇ㸪ࡋᥦ᱌ࢆࣝࢹࣔ⭷㠀ᢠᅽࡿࡍ࡜୺యࢆࣝ

㸬ᮏㄽࡓࡋ♧ࢆ᭷㝈ኚ఩ゎᯒ౛ࡢ≀ᵓ㐀⭷ࡿࡼ࡟ࣝ

 㸬ࡿ࠶࡛ࡾ㏻ࡢḟࡤࢀࡵ࡜ࡲࢆᯝ⤖ࡓࢀࡽᚓࡾࡼ࡟

㸦㸯㸧࠸࡞࠸࡚ࢀࡉ♧࡛ࡲࢀࡇ㸱ḟඖᙎᛶ࢝ࣜࢼࢸ

 㸬ࡓࡋᥦ᱌ࢆ᥋⥺ᗄఱ๛ᛶ᪉⛬ᘧࡢࣝࣈ࣮ࢣ࣮

㸦㸰㸧㸱ḟඖࣝࣈ࣮ࢣ⌮ㄽࢺࢵࢿࢆᵓ㐀ࡢ᭷㝈ኚ఩

ゎᯒ࡟ᛂ⏝ࡋ㸪Ᏻᐃ࡞཯᚟ィ⟬ࡾࡼ࡟ᖹ⾮ゎࢆ⟬ฟ

 㸬ࡓࡋ♧ࢆ࡜ࡇࡿࡁ࡛

㸦㸱㸧୕ ゅᙧᐃࡳࡎࡦせ⣲࣮ࢠࣝࢿ࢚ࡳࡎࡦ࡟➼౯

ẚࣥࢯ࢔࣏࡜≦㸪せ⣲ᙧࡁᑟࢆࢺࢵࢽ㍈ຊ㒊ᮦࣘ࡞

ࢆ࡜ࡇࡿࢀࡽࡅศ࡟ࢺࢵࢽࣘࡢࣉ࢖ࢱ㸱࡚ࡗࡼ࡟

 㸬ࡓࡋ♧

㸦㸲㸧ࣘ ࡢࡽ࠿㍈ຊ㒊ᮦࡿ࠼୚ࢆ㠀ᢠᅽᛶ࡟ࢺࢵࢽ

ࣈ࣮ࢣࡓࢀࡉ㸬⨨᥮ࡓࡋㄝ࡚᫂࠸ࡘ࡟᥮⨨ࣝࣈ࣮ࢣ

࡯࡜ᣲືࡢせ⣲ࡳࡎࡦᐃࡣ࡟ᙇ᫬⥭ࡣࢺࢵࢽࣘࣝ

ᙇຊࡣຊ➃ࢺࢵࢽࣘ࡟ࡶ࡜࡜⾜㐍ࡢ⦅㸪ᘱࡃࡋ➼ࡰ

㸪ࣘࡋ₞㏆࡟ࣟࢮࡲࡲࡢ ࡣᙇຊሙ࡚ࡋ࡜඲యࢺࢵࢽ

⥔ᣢࡿࢀࡉ㸬 

㸦㸳㸧⭷ᵓ㐀≀ࡢ᭷㝈ኚ఩ゎᯒ౛ࡋ♧ࢆ㸪ṇ๛ᛶࢣ

せࡿࡍ࡜୺యࢆ㸯ࣉ࢖ࢱࡿࢀࡉᵓᡂࡾࡼ࡟ࣝࣈ࣮

⣲ศ๭ࡤ࠼⾜ࢆ㸪ຊᏛⓗ NR ἲࡾࡼ࡟ᑡ࠸࡞཯᚟ィ

ᘓࡢࡃ㸪ከࡓࡲ㸬ࡿࡁゎᯒ࡛ࢆ㇟⌧኱ኚ఩ࡾࡼ࡟⟭

⠏⏝⭷ᮦࣝࢹࣔࡢࡇࡣ࡚࠸ࡘ࡟໬ࡿ࠼⪄࡜⬟ྍࡀ㸬 

㸦㸴㸧㈇๛ᛶࡴྵࢆࣝࣈ࣮ࢣሙྜ࡛ືࡶ࡚ࡗ࠶ⓗ⦆

࿴ἲࡤࢀ࠸⏝ࢆ཯᚟ᅇᩘࡣቑࣝࣈ࣮ࢣࡢࡢࡶࡿ࠼

 㸬ࡿ࠶࡛⬟ྍࡣゎᯒࡢ㠀ᢠᅽ⭷ᵓ㐀ࡿࡼ࡟ࢺࢵࢽࣘ

ᵓ㐀᭷㝈ኚ఩ゎ⭷ࡿࡼ࡟ࢺࢵࢽࣘࣝࣈ࣮ࢣ㸪࠾࡞ 

(1) ึᮇ≧ែ㸦㡬㒊㸴⠇Ⅼࡣᅛᐃ㸧 

(2) ෆᅽ13Paస⏝᫬㸦㡬㒊㸴⠇Ⅼࡣᅛᐃ㸧 

(3) ෆᅽ15Paస⏝᫬ 

4.55m 

ᅗ−16 ஬ゅᙧ⭷ࣥࣙࢩ࣮ࣞࣇࣥ࢖ࡢ࣒࣮ࢻゎᯒ 

10m 
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ᯒ⤖ᯝ᳨ࡢドࡢᚲせࡢࡢࡶࡿ࠶ࡀ㸪ᘱ⦆⭷ࡢ኱ኚ఩

࡜ᚲせࡀᐇ㦂ࡎࡽࡓぢᙜࡣ✲◊ࡓࡗᢅࡾྲྀࢆ㇟⌧

ᛮࡿࢀࢃ㸬ࡁ࡜ࡢࡇᐇ㝿ࡢ⭷ᮦࡣ⦪⣒࡜ᶓ⣒ࡲ⦆ࡀ

ࣈ࣮ࢣࡓࡋ៖⪄ࢆ஺␗᪉ᛶ┤ࡵࡓࡿ࠶࡛ࡢࡶࡓࢀ

 㸬ࡿ࠶ᚲせ࡛ࡶ㛤Ⓨࡢࢺࢵࢽࣘࣝ

 

௜㘓㸬ᐃ୕ࡳࡎࡦゅᙧせ⣲ࡢ๛ᛶ᪉⛬ᘧ 

 

 ᐃ୕ࡳࡎࡦゅᙧせ⣲ࡢ๛ᛶ᪉⛬ᘧ(15)ࢆᑟࡃ㸬௨

ୗ࡟㏙ࡿ࡭᪉ἲࡾࡼ⡆₩࡞ᑟࡁ᪉ 㸪ࡢࡢࡶࡿ࠶ࡀ(16

ཧ⪃ᩥ⊩ ๛యኚ఩㸱ᡂศࡽ࠿㸴⮬⏤ᗘ⾲♧ᘧࡢ(14

 㸬ࡿࡍ࡜࡜ࡇࡍ♧ࢆ᪉ἲ࡞░᫂ࡀ࡜ࡇࡓࡋ㝖ཤࢆ

 ᖹ㠃ෆ୕ࡓࢀ࠿⨨࡟ゅᙧせ⣲ࡢ๛యኚ఩ࢆᣊ᮰

ᅗ−17ࢆ௳ᨭⅬ᮲࡞㟼ᐃࡿࡍ ࡞ࡍ㸬ࡿ࠼୚࡟࠺ࡼࡢ

㸪㡬Ⅼࡕࢃ 㸰᪉ྥኚ఩㸪㡬Ⅼࡢ1 ࡢ2 y ᪉ྥኚ఩ࢆ

ᣊ᮰ࡿ࠸࡚ࡋ㸬㡬Ⅼ ࢆኚ఩ࡢ2 ∆x2 㸪㡬Ⅼ ኚ఩ࡢ3

ࢆ ∆x3,  ∆y3 ኚࡢせ⣲ෆࡾࡼ௬ᐃࡳࡎࡦᐃࡤࢀࡍ࡜

఩ࡣ╔┠Ⅼࡢᗙᶆ(x, y)ࡿࡼ࡟㸯ḟᘧࡉ⾲࡚ࡗࡼ࡟

 㸪ࢀ

  ∆x =
∆x2

l3
x +

l3∆x3 − c3∆x2

a3l3
y,         ∆y =

∆y3

a3

y  (29) 

,㸪a3࡟ࡇࡇ  c3ࡣᅗ−17୕ࡍ♧࡟ゅᙧࡢᑍἲ࡛ࡿ࠶㸬 

 ᘧ(29)ࡾࡼせ⣲ᐃࡣࡳࡎࡦḟࡿࢀࡉ⾲࡟࠺ࡼࡢ㸬 

        

ε x

ε y

γ

















=
1

a3l3

a3 0 0

0 0 l3

−c3 l3 0

















∆x2

∆x3

∆y3
















      (30) 

 ୍᪉㸪ᐃࡢࡳࡎࡦᐃ⩏ࡓ࠸⏝࡟ᚤᑠኚ఩௬ᐃࡶࡢ

㸪㡬Ⅼ࡟࡜ 2, 3 㔞ࡧఙࡢ㎶ྛ࡚࠸⏝ࢆኚ఩ࡢ ∆l1,  
∆l2 ,  ∆l3ࡣḟࡿࢀࡉ⾲࡟࠺ࡼࡢ㸬 

    

∆l1
∆l2
∆l3

















=

d3 / l1 −d3 / l1 a3 / l1

0 c3 / l2 a3 / l2

1 0 0

















∆x2

∆x3

∆y3
















   (31) 

 ᘧ(31)ࡾࡼ ∆x2 , ∆x3,  ∆y3 ࡍ௦ධ࡟ᘧ(30)ࡵồࢆ

 㸬ࡿ࡞࡜ḟᘧࡣࡳࡎࡦせ⣲ෆᐃࡤࢀ

ε x

ε y

γ

















=
1

2A

0 0 a3

c3l1 / a3 d3l3 / a3 −c3d3 / a3

−l1 l2 d3 − c3

















∆l1
∆l2
∆l3
















              

                                         (32) 

 せ⣲ࢆ➼᪉ᛶ࡜௬ᐃࡤࢀࡍᛂຊࡣ㸪 

        

σ x

σ y

τ

















=
D

t

1 ν 0

ν 1 0

0 0 µ

















ε x

ε y

γ
















          (33) 

㸪D࡟ࡇࡇ ࡜ µ  㸬ࡿ࠸࡚ࡋ♧࡟ᘧ(16a, b)ࡣ

 ᘧ(32)ࢆ εεεε ==== B∆l㸪ᘧ(33)ࢆ σσσσ ==== Eεεεε 㸪ᐃࡤࡏ⾲࡜

U࣮ࢠࣝࢿ࢚ࡳࡎࡦࡢゅᙧせ⣲୕ࡳࡎࡦ  㸪ࡣ

 

 

 

 

 

 

 

 

 

 

 

 

 

     U =
1

2
εεεε TσσσσdV

V∫ =
1

2
tA∆lTBT

EB∆l        (34) 

 ᘧ(34)ࡢࣀ࣮࢔ࣜ࢕ࢸࢫ࢝࡟ᐃ⌮ࢆ㐺⏝ࡋ㸪࣐ ࢺ

 㸪ࡤࢀࡍ⟭ィ࡟ලయⓗࢆࢫࢡࣜ

P1

P2

P3

















=
D

4A

c3
2l1

2 / a3
2 + µl12 c3d3l1l2 / a3

2 − µl1l2
d3

2l2
3 / a3

2 + µl2 2

sym.









 

              

c3l1S3 / a3 − µl3l1
d3l2S3 / a3 − µl2l3

S3
2 + µl32









∆l1
∆l2
∆l3
















      (35) 

㸪࡟ࡇࡇ S3 = (a3
2 − c3d3 ) / a3  㸬ࡿ࠶࡛

 ᅗ−17 ࡍ♧࡟ a3,  c3,  d3 㡬Ⅼ࡟ᵝྠ࡜ 1, 2 ࡢࡽ࠿

ᆶ⥺ a1,  a2 㸪㎶ 1, 2 ᑍἲࡓࡋศ๭ࢆ c1,  d1 ࡧࡼ࠾

c2 ,  d2  㸬ࡿᚓࢆᘧࡢḟࡤࢀ࠸⏝ࢆ

     

d1l1 = c2l2 = a3
2 − c3d3 = a3S3

d2l2 = c3l3 = a1
2 − c1d1 = a1S1

d3l3 = c1l1 = a2
2 − c2d2 = a2S2








       (36) 

 ᘧ(36)࡚࠸⏝ࢆᘧ(35)ࢆኚᙧࡤࢀࡍ㸪 

P1

P2

P3

















=
D

4A

S1
2 + µl12 S1S2 − µl1l2 S3S1 − µl3l1

S2
2 + µl2 2 S2S3 − µl2l3

sym. S3
2 + µl32

















∆l1
∆l2
∆l3

















                                         (37) 

㎶࡜㸪ᆶᚰ࡟ࡽࡉ  n ࢆ㊥㞳ࡢ fn ࡼࡢḟࡤࢀࡍ࡜

 㸬ࡘ❧ࡾᡂࡀᘧ࡞࠺

     c1d1 = a1 f1,    c2d2 = a2 f2 ,    c3d3 = a3 f3    (38) 

 ᘧ(38)ࡾࡼ౛ࡤ࠼ S3 ᆶᚰ࡜㡬Ⅼ㸱࡟࠺ࡼࡢḟࡣ

㛫ࡢ㊥㞳 e3࡛ࡀ࡜ࡇࡿ࠶ศࡿ࠿㸬 

S3 = (a3
2 − c3d3 ) / a3 = (a3

2 − a3 f3 ) / a3 = a3 − f3 = e3  

                                        (39) 

 ྠᵝࡢࡑ࡟௚ࡢ㡬Ⅼ࡜ᆶᚰࡢ㊥㞳ࡤࢀ࠸⏝ࢆ

S1 = e1 , S2 = e2  㸬ࡿᚓࢆᘧ(15)ࡾ࡞࡜

ᅗ−17 㟼ᐃ࡞ᨭⅬ᮲௳ࡢᐃ୕ࡳࡎࡦゅᙧせ⣲ࡢࡑ࡜ᑍἲ 

3

1
2

l1l2

l3

θ1
θ2

θ 3

e3 a3

c3 d3

x

y
f3

∆x3

∆y3

∆x2
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