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 3.1-24 ╡ ↕≤ ─  ··························································· - 24 - 

 3.1-25 ─ , ········································································· - 24 - 

 3.1-26 ≤  - ȕ ···················································································· - 25ה

 3.1-27 9 ─  ········································· - 26 - 

 3.1-28 ─  ···································································· - 26 - 

 3.1-29 ꜡♇◒ⱨ▫☺♇◒☻╩ ™√ ⸗♦ꜟ─  ··································· - 28 - 

 3.1-30 ꜡♇◒ⱨ▫☺♇◒☻╩ ™√ ⸗♦ꜟ  ············································ - 28 - 

 3.2-1 3 ─ ─▪☺▪ה ERD vs  ················· - 29 - 

 3.2-2 3 ─ ─ ERD vs ························ - 30 - 

 3.2-3 Well 128 ꜟ▼►ⱨכꜞꜞ─  ·················································· - 31 - 

 - 32 - ··································································· ◒♇ꜝ♩♪▬◘ꜟכⱪfiⱱכ○ 3.2-4 

Whipstock ◒♇ꜝ♩♪▬◘ꜟכⱪfiⱱכ○ 3.2-5   ············································ - 33 - 

Whipstock◒♇ꜝ♩♪▬◘ꜟכⱱ♩☻כ◔ 3.2-6  26 ········································· - 33 - 

 3.2-7 U ⱪᵑכꜟ  ····················································································· - 34 - 
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 3.2-8 U ⱪᵒכꜟ  ····················································································· - 35 - 

ה 3.2-9  ─ A, B ······················································· - 35 - 

 3.2-10 U-ꜟכⱪᵑ─ 12 ─ 3Dⱦꜙ36 - ······························································· כ - 

 3.2-11 U-ꜟכⱪᵒ─ 12 ─ 3Dⱦꜙ36 - ······························································· כ - 

 3.2-12 U-ꜟכⱪᵑ─ 12 ─ ⱦꜙ37 - ······························································· כ - 

 3.2-13 U-ꜟכⱪᵒ─ 12 ─ ⱦꜙ37 - ······························································· כ - 

 3.2-14 SDI MagTracer ⌐╟╢꜠fi☺fi◓ה  ·············································· - 40 - 

 3.2-15 SDI Lodestone ⌐╟╢꜠fi☺fi◓ה  ··············································· - 40 - 

 3.2-16 SDI MagTracer ─ ☿fi◘כ ≤  ····································· - 41 - 

 3.2-17 SDI Lodestone ─ ☿fi◘כ ≤  ······································ - 41 - 

 3.3-1 ◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔↑╢ ─⸗♦ꜟ  ···································· - 43 - 

 3.3-2 ─  ························································································ - 44 - 

 3.3-3 ≤⇔√  ·················································································· - 50 - 

 3.3-4  ⅔╟┘  ························································· - 51 - 

 3.3-5 ⌐ ⌂ ⌐⅔↑╢ ─  ············································· - 53 - 

 3.3-6 U ─ⱪḎכꜟ (a) ⁸(b)  ······························ - 57 - 

 3.3-7 U ─ⱪḎכꜟ (a) ⁸(b)  ···································· - 57 - 

 3.3-8 U ─ⱪḎכꜟ ─ 1.5  ········································ - 58 - 

 3.3-9 U ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─  ·················· - 59 - 

 3.3-10 ᵑ⁸ ᵒ⁸ ᵓ ─  ····· - 60 - 

 3.3-11 U ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─  ······· - 61 - 

 3.3-12 ᵑ⁸ ᵒ⁸ ᵓ ─

 ········································································································ - 62 - 

 3.3-13 U ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─

 ········································································ - 63 - 

 3.3-14 ᵑ⁸ ᵒ⁸ ᵓ ─

 ························································· - 64 - 

 3.3-15 U ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─  ················ - 65 - 

 3.3-16 ᵑ⁸ ᵒ⁸ ᵓ ─  ····· - 66 - 

 3.3-17 Uꜟכⱪᵑ─ 50t/h  ················································· - 67 - 

 3.3-18 Uꜟכⱪᵑ─ 200t/h  ················································ - 67 - 

 3.3-19 U ─ⱪᵒכꜟ 50t/h  ················································ - 68 - 

 3.3-20 U ─ⱪᵒכꜟ 200t/h  ·············································· - 68 - 

 3.3-21 ᵑ─ 5t/h⁸ ⅜  ················ - 69 - 

 3.3-22 ᵑ─ 20t/h⁸ ⅜  ··············· - 69 - 

 3.3-23 ᵑ─ 5t/h⁸ ⅜  ················ - 70 - 

 3.3-24 ᵑ─ 20t/h⁸ ⅜  ··············· - 70 - 

 3.3-25 ᵒ─ 5t/h⁸ ⅜  ················ - 71 - 

 3.3-26 ᵒ─ 20t/h⁸ ⅜  ··············· - 71 - 

 3.3-27 ᵒ─ 5t/h⁸ ⅜  ················ - 72 - 

 3.3-28 ᵒ─ 20t/h⁸ ⅜  ··············· - 72 - 

 3.3-29 ᵓ─ 5t/h⁸ ⅜  ················ - 73 - 
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 3.3-30 ᵓ─ 20t/h⁸ ⅜  ··············· - 73 - 

 3.3-31 ᵓ─ 5t/h⁸ ⅜  ················ - 74 - 

 3.3-32 ᵓ─ 20t/h⁸ ⅜  ··············· - 74 - 

 3.3-33 Rock1 ≢─ 30 ⌐⅔↑╢ U ≥ⱪᵑכꜟ U ─ⱪᵒכꜟ  ···· - 77 - 

 3.3-34 Rock2 ≢─ 30 ⌐⅔↑╢ U ≥ⱪᵑכꜟ U ─ⱪᵒכꜟ  · - 78 - 

 3.3-35 Rock1 ≢─ 30 ⌐⅔↑╢ ᵑ⁸ ᵒ⁸

ᵓ─  ························································································· - 79 - 

 3.3-36 Rock2 ≢─ 30 ⌐⅔↑╢ ᵑ⁸ ᵒ⁸

ᵓ─  ························································································· - 80 - 

 3.3-37 U ꜟ♦⸗ⱪḎכꜟ  ······································································· - 84 - 

 3.3-38 ≤ ─  ············································ - 85 - 

ה 3.3-39   ······································································· - 86 - 

ה 3.3-40   ·················································· - 87 - 

 3.3-41 U ─ ⱪᵑכꜟ ♦◙▬fi ······································································ - 88 - 

 3.3-42 U ♪♇ꜞ◓─ ⱪᵑכꜟ XY  ····························································· - 89 - 

 3.3-43 U ─ⱪᵑכꜟ  ···································································· - 90 - 

 3.3-44 U ─ⱪᵑכꜟ  ············································································· - 91 - 

 3.3-45 ꜝ♥ꜝꜟ ─ ⇔  ············································································· - 92 - 

 3.3-46 ⁸ 100t/h  ···························· - 93 - 

 3.3-47 ꜝ♥ꜝꜟ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ················ - 94 - 

 3.3-48 ꜝ♥ꜝꜟ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ··················· - 94 - 

 3.3-49 ꜝ♥ꜝꜟ ─ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ······· - 95 - 

 3.3-50 ꜝ♥ꜝꜟ ─ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ·········· - 95 - 

 3.3-51 (Z) ⁸20 ⁸ ⁸ 200t/h  ·············· - 96 - 

 3.3-52 ꜝ♥ꜝꜟ (Y) ⁸20 ⁸ ⁸ 200t/h - 96 - 

 3.3-53 ꜝ♥ꜝꜟ (X) ⁸20 ⁸ ⁸ 200t/h - 96 - 

 3.3-54 ꜝ♥ꜝꜟ ─  ································································· - 98 - 

 3.3-55 U ─ⱪᵑכꜟ ꜟ◒▬◘♫כꜞ◌  ············································ - 99 - 

 3.3-56 U ─ⱪᵑכꜟ ꜝfi◐fi◘▬◒ꜟ  ············································ - 99 - 

 3.3-57 U ─ⱪᵒכꜟ ♦◙▬fi ····································································· - 100 - 

 3.3-58 U ♪♇ꜞ◓─ ⱪᵒכꜟ XY  ··························································· - 101 - 

 3.3-59 ꜝ♥ꜝꜟ 2 ─☻כ◔ ≤  ······································· - 103 - 

 3.3-60 ꜝ♥ꜝꜟ 2 ≢─ꜝ♥ꜝꜟ  ················································ - 104 - 

ꜟꜝ♥ꜝ─☻כ◔ 3.3-61   ············································· - 104 - 

 3.3-62 ⱴꜟ♅ꜝ♥ꜝꜟ ⸗♦ꜟ 12ꜝ♥ꜝꜟ ≤ 12 ⸗♦ꜟ─

─ 400t/h⁸  ································ - 106 - 

 3.3-63 ⱴꜟ♅ꜝ♥ꜝꜟ ⸗♦ꜟ 2ꜝ♥ꜝꜟ ≤ 2 ⸗♦ꜟ─

─ 33.33t/h⁸  ································· - 107 - 

 3.3-64 U ─ⱪᵒכꜟ  ·································································· - 108 - 

 3.3-65 ꜝ♥ꜝꜟ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ·············· - 109 - 

 3.3-66 ꜝ♥ꜝꜟ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ················· - 109 - 

 3.3-67 ꜝ♥ꜝꜟ ─ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ····· - 110 - 
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 3.3-68 ꜝ♥ꜝꜟ ─ ⱪ꜡ⱨ□▬ꜟ ⁸ 100t/h  ········ - 110 - 

 3.3-69  ························································· - 111 - 

 3.3-70  ···························································· - 111 - 

 3.3-71 ꜝ♥ꜝꜟ ─  ······························································· - 113 - 

 3.3-72 U ─ⱪᵒכꜟ ꜟ◒▬◘♫כꜞ◌  ·········································· - 114 - 

 3.3-73 U ─ⱪᵒכꜟ ꜝfi◐fi◘▬◒ꜟ  ·········································· - 114 - 

 3.3-74 ─ ─  ·································································· - 115 - 

 3.3-75 ─ ⸗♦ꜟ ······························································· - 116 - 

 3.3-76 ᵑ ╢↑⅔⌐☻כ◔ ─ ⅔╟┘ ─  ············ - 118 - 

 3.3-77 ᵑ ╢↑⅔⌐☻כ◔ ⅔╟┘ ⌐⅔↑╢ - ─

 ····························································································· - 119 - 

 3.3-78 ᵒ ╢↑⅔⌐☻כ◔ ─ ⅔╟┘ ─  ············ - 121 - 

 3.3-79 ᵒ ╢↑⅔⌐☻כ◔ ⅔╟┘ ⌐⅔↑╢ - ─

 ····························································································· - 122 - 

 3.3-80 ᵑ⅔╟┘ ᵒ─ 20 ─ ─  ·········· - 123 - 

 3.3-81 ᵒ─ ⌐⅔↑╢  ··················································· - 123 - 

 3.3-82 ᵓ ╢↑⅔⌐☻כ◔ ─ ⅔╟┘ ─  ············ - 126 - 

 3.3-83 ᵓ ╢↑⅔⌐☻כ◔ ⅔╟┘ ⌐⅔↑╢ - ─

 ····························································································· - 127 - 

 3.3-84 GEOSIM ⌐╟╢ U ─ⱪᵑכꜟ  ·········································· - 131 - 

 3.3-85 GEOSIM ⌐╟╢ U ─ⱪᵒכꜟ  ·········································· - 132 - 

 3.3-86 ≤∆╢ ─  ······················································ - 138 - 

 3.3-87  U  - ⱪḎⱷ♇◦ꜙ⸗♦ꜟ ···································································· - 139כꜟ

 3.3-88  ·································································· - 140 - 

 3.3-89  ························································· - 140 - 

 3.3-90 Beckers╠⌐╟╢ ─  ················································ - 141 - 

 3.3-91 (U  - ⱪḎ) ······································································ - 141כꜟ

 3.3-92 (U  - ⱪḎ) ······································································ - 142כꜟ

 3.3-93 ─ ™⌐╟╢ꜝ♥ꜝꜟ ─ ─  ····················· - 142 - 

 3.3-94 ─ U ⱪᵑכꜟ ⁸200t/h ☻כ◔ (L1Q200R2) ··············· - 146 - 

 3.3-95 ─ U ⱪᵑכꜟ ⁸200t/h ☻כ◔ (L1Q200R2) ··············· - 146 - 

 3.3-96 ─ ╣─ U ⱪᵑכꜟ ⁸200t/h ☻כ◔ (L1Q200R2) ······ - 147 - 

 3.3-97 ꜝ♥ꜝꜟ ─  ····································································· - 147 - 

 3.3-98 ꜝ♥ꜝꜟ ─ ≤  ············································· - 148 - 

 3.3-99 U ⱪᵑכꜟ (L1Q50R1 L1Q100R1 L1Q200R1) ··· - 149 - 

 3.3-100 U ⱪᵑכꜟ (L1Q50R2 L1Q100R2 L1Q200R2) · - 149 - 

 3.3-101 ⱪ꜡ⱨ□▬ꜟ (U ⱪᵑכꜟ ) L1Q50R1 L1Q100R1

L1Q200R1  ························································································ - 150 - 

 3.3-102 ⱪ꜡ⱨ□▬ꜟ (U ⱪᵑכꜟ ) L1Q50R2 L1Q100R2

L1Q200R2  ························································································ - 150 - 

 3.3-103 U ⱪᵑכꜟ (L1Q50R1 L1Q100R1 L1Q200R1) · - 151 - 

 3.3-104 U ⱪᵑכꜟ (L1Q50R2 L1Q100R2 L1Q200R2) · - 151 - 
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 3.3-105 ⱪ꜡ⱨ□▬ꜟ (U ⱪᵑכꜟ ) L1Q50R1 L1Q100R1

L1Q200R1  ························································································ - 152 - 

 3.3-106 ⱪ꜡ⱨ□▬ꜟ (U ⱪᵑכꜟ ) L1Q50R2 L1Q100R2

L1Q200R2  ························································································ - 152 - 

 3.3-107 ─ U ⱪᵒכꜟ 200t/h ☻כ◔ (L2Q200R2) ······· - 154 - 

 3.3-108 ─ U ⱪᵒכꜟ 200t/h ☻כ◔ (L2Q200R2) ······· - 154 - 

 3.3-109 ≢ ∂╢ U ⱪᵒכꜟ 200t/h ☻כ◔ (L2Q200R2) ···· - 155 - 

 3.3-110 U ⱪᵒכꜟ (L2Q50R1 L2Q100R1 L2Q200R1) · - 156 - 

 3.3-111 U ⱪᵒכꜟ (L2Q50R2 L2Q100R2 L2Q200R2) · - 156 - 
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 3.3-116 ⱷ♇◦ꜙ  ··································································· - 160 - 
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 3.3-119  ᵑ Ƃ (P1Q5R2 P1Q10R2

P1Q20R2) ··························································································· - 162 - 

 3.3-120  ⱪ꜡ⱨ□▬ꜟ ᵑ Ƃ (P1Q5R1

P1Q10R1 P1Q20R1) ··········································································· - 162 - 

 3.3-121  ⱪ꜡ⱨ□▬ꜟ ᵑ Ƃ (P1Q5R2

P1Q10R2 P1Q20R2) ··········································································· - 163 - 

 3.3-122  ᵑ Ƃ (P1Q5R1 P1Q10R1
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gu 
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3.  ⇔√ ─  

3.1  ─ ╛ ─ ⌐ ∆╢ ─ ה  

3.1.1  ⌐⅔↑╢ ה ⌐ ∆╢ ─ ה  

⅜ ⌐ ∆╢ ─ ╛ ⌂≥⌐ ∆╢ ה ⌐ ∆

╢ ≤⇔≡⁸ ⁸ ה ⁸ ה ⌐

∆╢◦fiⱳ☺►ⱶ ⁸JAEA ꜠ⱳכ♩╛ NUMO ⌂≥╩ ⇔≡ ∆╢

ה ╩ ⇔⁸∕╣╠─ ╩ ⇔√⁹ ⇔√ ⌂╠┘⌐ ─ │

⌐ ⇔⁸Appendix -2 ⌐ ⇔√⁹ ⌐ ╩ ∆⁹  

(1)  

⅜ ≤⌂╢ │⁸ ⌐│ ─ ⌂ ─ ≢№╢⅜⁸∕─ⱷ

◌♬☼ⱶ⌐│ ─ ⁸ ה ─ ≤ ⁸ ─

⌐╟╢ ה ה ⁸ ≤ ─ ⌐╟╢ ─ ⌂≥⅜ ⌐

⇔ ℮ ⌂ ⅜№╢ 0 F

1⁹ ⌐ ⌂ ⅎ ╩ ∆╢⁹  

─ ≤ ─ ╩  3.1-1 ⌐ ⇔√⁹↓↓≢│⁸ │⁸

≢ 2 p1 ⁸p2 ⌐№╢≤ ⇔√ ⁸

╕╦╡─ ⌐≈™≡│ Kirsch ⅜∕─ ╩ ⅎ≡™╢ Kirsch ─ 2⁹ 

↓↓≢ɨ r ⅔╟┘ɨɝ│ ⅔╟┘ ─ ≢⁸ɩrȇ│∑╪ ≢№╢⁹ r=a

─ ⁸ │ ≤⌂╢─≢ɨ r⁸ɩ r │♀꜡≢№╢⁹ɨɝ│ɝ=90°⌐≡ 3p1- 

p2 ≤⌂╡⁸ɝ⌐ ∂≡ ⇔≡ɝ=0°≢ 3p2- p1 ≤⌂╢⁹ ⅛╠ ↨⅛╢⌐ ™

│ ⌐ ∆╢ 1 F

2⁹ 

K=p 1 /p2 ≤⇔√≤⅝─ ─ │⁸  K ⅜ 1 ─≤⅝│ Ȓȇ│ ≤⌂╡⁸

K=3 ─≤⅝ p1─ 9 ─ ⅜ ─ ≢ ∂╢⁹  

∆⌂╦∟⁸p1 ≤ p2 ≤─ ⅜ ↕™ ⌐ ⇔√ ⅜ ─ ⅜ √╣╢↓≤⌐

⌂╢⁹ ⅎ┌⁸ ─ ≢ ╩ ∆╢ ⌐│⁸↓─ │

─ ⌐ ∆╢↓≤⌐ ∆╢  3.1-2⁸  3.1-3 1⁹ 

(2)  

∑╪ ⌐ ∆╢ ⌐≈™≡│⁸ ─ ╩ ⌐ Mohr ─ ╩

⅝⁸ ≤─ ≢ ∆╢↓≤⅜≢⅝╢⁹ ɨ 1 ≤ ɨ3

⌐⅔↑╢ Mohr ─ │  3.1-4 ⌐ ⇔√╟℮⌐⌂╢⁹↓─ ─ ≡─

─ ─ ⌐ ∆╢ ≤∑╪ ╩ ⇔≡⅔╡⁸Mohr ─ ⅜

⌐ ∆╢≤ ⅜ ∂╢⁹  

 

 

 
1 2000 ⌐⅔↑╢ ⌐ ∆╢ ╡ ╖ , , 

65, 5, pp.417-429. 
2 R.E.◓♇♪ⱴfi ה , 1984 ╦⅛╡╛∆™ , 

, 79, pp.156-157. 
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 3.1-1 ╕╦╡─ 2 

 

 

 

 3.1-2 ─ ⌐╟╢ ─ 1 
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 3.1-3 ─ ⌐⅔↑╢ ─ ≤ 1 

 

 

 3.1-4 Mohr ─ ≤ ─ ─  

 

 3.1-5 ⌐│ 2 ─ ⌐≈™≡ ↕╣√ ≤ ─ ⅜ ↕╣≡™╢⁹

A ≢│ ⅜ ↄ ╙╠╣⁸ ⅛╠ ╣√ ꜟכ⸗⌐ ⅜

⅛╣≡™╢⁹Ⱳ▪ⱱכꜟⱩ꜠כ◒▪►♩⅜ ∂√ B ≢│ ⅜ ⅝ↄ

╙╠╣⁸ ╩ ⅎ╢ ꜟכ⸗⌐ ⅜ ⇔≡™╢⁹  

 3.1-5 ─ │ B ─ ╩ɡ=0.6 №╢™│ 0.8 ≤⇔√ ⌐∑╪ ╡╩

↓⇔℮╢ⱨꜝ◒♅ꜗכ─ ╩☻♥꜠○ ⌐ ⇔√╙─≢№╢⁹  3.1-6 ─

│ ≢ ↕╣√ ⌂ⱨꜝ◒♅ꜗכ─ ≢№╢⁹ ─ ⅜

⇔≡⅔╡⁸∑╪ ╡─ ─ ⌐№╢↓≤⅜ ↕╣╢⁹ 2 F

3 

 

 
3 ╒⅛ 2012 ●☻ ⌐⅔↑╢☺○ⱷ◌♬◒☻⌐╟╢ ⱨꜝ◒♅ꜗ

─כ , , 77, 1, pp.50-60. 

Ѯ

Mohr- Coulomb─
⌐╟╢

ab

ѭ

Ѯf=c+ѭtanѰ

ӗ (b/a)>1

ɨ3 ɨ1
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 3.1-5 A a ≤ B b ⌐⅔↑╢ 3 

  

 

 

 3.1-6 B  3.1-5 b ─ ⌐⅔™≡∑╪ ╡╩ ↓⇔ ╢

ⱨꜝ◒♅ꜗכ ─ ≤ ⌐⅔™≡ ↕╣√ ⌂

ⱨꜝ◒♅ꜗכ ─ 3 
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(3)  

↓↓≢⁸ Pm ─ ╩ ∆╢≤ɨɝ─ │ɝ=90°─ ─ 3p1- p2- 

Pm ≤⌂╡⁸ȇ=0Á─ │ 3p2- p1 -Pm ≤⌂╢ ⌐╟∫≡ ⌐ ∂╢

─ ╛∕─ ⅜ ⅎ╢ │ ⇔≡™⌂™ ⁹  

─ ╩ ╢ ⅜ ≢ ∂╢Ⱳ▪ⱱכꜟⱩ꜠⁸│♩►▪◒כ  

ɨɝ=3p1- p2- Pm Sc ─ ─≤⅝ 2.3-1 ⌐ ∆ A1⁸A2 ≢ ∂╢⁹ 

╕√⁸ ⌐ ℮ DTF Drill ing  Induced Tensile Fracture │⁸ɨ

ɝ=3p2- p1- Pm St ─ ╡ ─≤⅝⌐ 2.3-1 ─ B1 ≤ B 2 ≢ ∂╢⁹ 

╟╡⁸p1 ≤ p2 ─ ⅜ ⅝ↄ⌂╢ ⁸Ⱳ▪ⱱכꜟⱩ꜠כ◒▪►♩⅜ ∂╛∆ↄ⌂

╢≤≤╙⌐⁸ⱨꜝ◒♅ꜗꜞfi◓⌐╟╢ ╙ ⇔╛∆™⁹╟∫≡⁸ ─

≢ ⅜ ⇔⌂™ ─ ╩ ∫≡⅔ↄ↓≤⅜ ≢№╢ 2⁹ 

 

 

 3.1-7 ╕╦╡─  

 

 3.1-8 │⁸ │ ∂≢ ⅜ ⇔√ ꜟכ⸗─ ─ ╩ ⇔≡™╢⁹

⅜ ∆╢≤⁸ ╩ ⇔ ∆ ⅝╩⇔≡ ≤ ⅜

∞↑ ꜟכ⸗⁸∂ ⅜ ⌐ ⇔ ⌐ ≠ↄ⁹↓─↓≤│ ─ │

⌐ ≠⅝⁸ ╩ ≤↕∑╢ ⅜№╢↓≤╩ ⇔≡™╢⁹  

─ ≤ ─ ╩  3.1-9 ⌐ ∆╢⁹ ─ ⌂

⌐≈™≡│⁸ Ȓr⁸ Ȓȇ⁸ Ȓz⁸ Pp⁸

Pm ≤∆╢≤⁸ ≢│ ≤ ─ ≤─ ≢ ─≈╡№™

⅜ ∆╢⁹  

ה ⌐ ⌂ ( )Ȓ r⅜ Pm ≤≈╡№℮:  

ůr Pm           2.3-1  

ה ≢─∑╪ Űrɗ⁸Űrz⅜ 0: 

Űrɗ=Űrz=0       2.3-2  

⅜ ⌐ ╦╣╢↓≤⌂ↄ⁸ ≤ ⌐ ⇔≡™╢≤∆╢≤ ─

╙ ╡ ≈⁹  

ה pp⅜ Pm≤≈╡№℮: 

pp=Pm                    2.3-3  
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 3.1-8 ─ ⌐ ꜟכ⸗℮ ─  

 

↓↓≢ ∆═⅝│⁸ ─ ─ ɨɝ≢№╢⁹ ⌐│⁸ ─ Pm ⅜

∆╣┌ ─ Ȓȇ│ ∆╢( ⅜ ⅝ↄ⌂╢)⁹ ⁸ ─ Ȓr

│ ∆╢( Ƃ ╡⌐ )⁹↓─ ╩ ⌐ ⇔√─⅜  3.1-10 ≢№╢⁹Ȓr

≤ Ȓȇ│™∏╣╙ ≢│ Sh ≤ ⇔ↄ⌂╢⅜ ≢│ ⌐╟∫

≡ ⇔⁸ ≢─ ─ Ȓȇ-Ȓr⅜ ╩ ⅎ√≤⅝⌐ ─ ⅜ ⅝╢⁹↓╣

⅜Ⱳ▪ⱱכꜟⱩ꜠⁹╢№≢♩►▪◒כ⇔√⅜∫≡ ⌐│⁸Ȓȇ-Ȓr⅜ ⅝ↄ⌂╡

⅞⌂™╟℮⌐ ╩ ↄ ≈ ⅜№╢ 3 F

4⁹ 

─ │ ⌐ ⇔≡∕─╕╕ ╦╠⌂™⅜ │ ⌐ ⇔

≡ ∆╢⁹  3.1-11 │ ─ ⅜ ™ ≤ ™ ─ ⌐⅔↑╢

─ ─ pp ≤ r ─ ╩ ⇔≡™╢⁹▪fi♄כ

Ᵽꜝfi☻ ≢│ ⅜ ↕╣⌂™─≢ ≢ 2.3-3 ─≈╡№™⅜ ∆╢⁹

─ ⅜ ↑╣┌ ⌐ ─ ⅜ ∆╢─≢ │

⅜ √╣╢⁹⇔⅛⇔⁸ ─╟℮⌐ ─ ⅜ ™ ⌐│ ─ ⅜

™√╘ ⌐ Pp ⅜ r ╟╡╙ ™ ⅜ ⇔℮╢⁹

↓─ │ ⅜ ⌐ ⌐ ⅜╣╢╟℮⌂ ⅜ ∂╢ 4⁹ 

↓↓╕≢ ⇔≡⅝√ ⌐╟╢ ─ ⌐ ℮ ─ ⌐≈™≡⁸  3.1-1

⌐ ⁸ ─≈╡ ™⌐╟╢ ⌂ ─ ≡⇔≥♪כ⸗ ⇔√ 1⁹ 

 

  

 

 
4 2004 ה ה Ί ─ ≤ⱷ◌♬☼ⱶ , 

,69, 5, pp.491-500. 

Ѯ

Mohr- Coulomb─
⌐╟╢

ab

ѭ

Ѯf=c+ѭtanѰ

ӗ (b/a)>1

ɨ1- Ppɨ3- Pp ɨ3 ɨ1



 

- 12 - 

 

 3.1-9 ≤ ─ 4 

 

 

 3.1-10 ⁸ ⁸ ─   

≢ ⌂ ─ 4 
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 3.1-11 pp ≤ Ȓr─ 4 

≢ ⌂ ─  

  

(4)  

1) ─ ─  

╦⅜ ≢│⁸↓╣╕≢ ה ♩fiⱠꜟ⁸ ⁸ ⌂≥ ↄ─

⅜ ↕╣≡™╢⁹∕─∆═≡⅜ ⌐ ⌐ ∫√ ≢│⌂ↄ⁸ ⌐│

≤⌂╡ ₁⌂♩ꜝⱩꜟ⌐ ⇔√ ╙ ↕╣≡™╢⁹ ─ ⌐ ℮

│⁸ ⅜ ≢⅝╢↓≤⌂≥⅛╠⁸ ─ ⌐≈™≡ ↄ─

⅜ ↕╣≡™╢⁹  

≤ ─ ⌂ ⌂ ⅎ │ ╕≢⌐ ═√╟℮⌂

⌐ ≠™≡⅔╡⁸ ─ ─ ≤∆═ↄ⁸ ⌐ ≤ ∆╢≤ ╦

╣╢ ⌂≥╩⁸ ≤ ─ ™ ⌐⅔™≡╕≤╘√⁹  

a) ⁸ ∂╞℮  

╩♩fiⱠꜟ⅜ ∆╢ ⁸ ╛ ⅜ ∂╢↓≤⅜№╢⁹

⌂ ≤⇔≡│⁸ ≢ ╣ ⅜ ↄ ─ ™ ≤⌂∫≡™╢

╛⁸ ─ ⌐╟╡ ─ ⅜ ⅝ↄ⌂∫≡™╢ ⌂≥⅜ →

╠╣╢⁹╕√⁸ ∂╞℮ ─ ≢│⁸ ╡ ⌐ ⅎ≡ ⌂ ⅜

∆╢ ⅜№╡⁸ ⅜ ↕™≤ ⅜ ∆╢↓≤⅜№╢⁹↓─╟℮⌂

⌐⅔™≡ ╩ ∆╢ ⁸ ╛ ⇔ ⇔⌂≥⅜ ∆╢≤ ↕╣╢

↓≤⅛╠⁸ ⅜ ≢№╢ 4 F

5⁹ 

 3.1-12 ⌐ ╩ ⌐ ⅜ ⇔ ─ ⅜ ≤⌂∫≡♩

fiⱠꜟ ⌐ ⇔≡⅝√ ╩ ⇔√⁹  

 

 

 

 
5 2016 ♩fiⱠꜟ   
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 3.1-1 ⌂ ─ ♪כ⸗  
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 3.1-12 ⌐╟╢ ♩fiⱠꜟ 5 F

6 

b) ─ ™  

│⁸ ⁸ ─ ─ ⁸ ╙ ╕╣╢ ⅜

№╢⁹ │⁸ ⌐ ⅜ ↄ⁸ ╛ ─ ⌐╟∫≡ ⅜

⇔⁸ ⌐ ℮ ⌐╟∫≡ ─ ⁸ ─ ⁸  №╢™│♩fiⱠꜟ ─−

™ ⅜ ∂╢↓≤⅜№╡⁸ ⌐ ⅜ ∆╢ ⌐│⁸↓╣╠─ ⅜ ≤⌂

╢⁹  ╕√⁸ ⌐╟╢ ─ ⁸ ─ ╛ ⌐╟╢ ╩ ⅝⁸

─ ⌐ ╩ ╓∆↓≤⅜№╢ 5⁹ 

⌐⅔™≡╙⁸ ⁸ ⁸ ⌐╟╢ ⌂≥╩ ∂╢↓≤

⅜ ↕╣⁸ ⅜ ⌂ ≢№╢⁹  

 3.1-13 ⌐ ─ ™ ╩ ⌐ ⅜ ⇔ ⅜ ⇔≡⅝√ ╩ ⇔

√ ─ ╩ ℮ ⅜ ⅛╠ 160m ╕≢ ⌐ ⇔ ∑√ ⁹  

 

 3.1-13 ⌐╟╢ ♩fiⱠꜟ 6 F

7 

 
6 2008 ╩ ↄ ♩fiⱠꜟ─  
7 ╒⅛ 2022 ⌂ ≤∕─ ♩fiⱠꜟи

57 м-161 pp.321-322. 
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c)  

─♩fiⱠꜟ≢│⁸ ┼─ ⇔™ ─ ⇔≤ ⌂ ─

⌐╟╡⁸ ─ ╛ ─ ⌐ ╩ ∂╢ ⅜№╢⁹↓─ ─ ≤

⇔≡⁸ ─ ⅜ ╛ ⌐╟╡ ─ ⌐ ╩ ╪≢ ⇔≡

∆╢ ≤⁸ ⅜ ─ ⌐ ≢⅝╢╒≥─ ╩ ∫≡™⌂™√╘⌐⁸

⌂ ⌐╟╡ ∆╢ ─ 2 ⅜ →╠╣≡™╢ 5⁹ 

─ ⌐╟╢ ─ ─ ╩ ⌐ ∆ 5⁹↓─╟℮⌂ ה

⇔√ │⁸ ⌐╟∫≡╙ ∂╢↓≤⅛╠⁸ ⌐⅔↑╢

⌐⅔™≡╙ ⅜ ⌂ ≢№╢⁹  

ה ─ ⅜⸗fi⸗ꜞ꜡♫▬♩  

2ɡmה ─ ֕30% 

ה ֕70 

ה ▬○fi 35meq/100g  

ה D 

⌐ꜟfi◓◘fiⱪꜞכⱲה ™  

╕√⁸ ⌐╟╢ ─ ≤⇔≡⁸ Gn Gn=ɨc/ɘ

H⁸ɨc ⁸ɘ ⁸H ╡ ⅜№╢⁹ Gn ⅜ 2

─ ⁸ ╩ ∆ ⅜ ╘≡ ™≤ ↕╣╢ 5⁹ 

d) │⌡ 

 │⌡│⁸♩fiⱠꜟ ⌐⅔™≡⁸ ─ ─ ⅜ ⅝⌂ ╩ ∫≡

⌐ ┘ ∆ ≢№╢⁹↓─ │ ⌐ ⅎ╠╣√ └∏╖◄Ⱡꜟ◑כ⅜

↕╣╢↓≤⌐ ⇔≡ ∆╢≤ ⅎ╠╣⁸ ╡⅜ ⅝ↄ⁸ ⅜ ⅝™ ≢⁸

⅜ ≢ ─ ⌂™ ≢ ↓╡╛∆™ 5⁹ 

 3.1-14 │⁸ │⌡─ ─ ≤ ⌐╟╢ ─ ╩ ⇔√╙─≢

№╢ 7 F

8⁹↓╣╠─ ⅛╠⁸ │⌡⅜ ∂╢ │⁸Ⱳ▪ⱱכꜟⱩ꜠כ◒▪►♩⅜

∆╢ ⌐ ™≤ ↕╣≡™╢⁹∆⌂╦∟⁸ ⅜ ↄ ╣ ─ ⌂™

⌐⅔™≡╙⁸ ≤ ─ ⅜ ⅝™ ⁸Ⱳ▪ⱱכꜟⱩ꜠כ◒▪►♩⅜

∆╢ ⅜№╢≤ ≢⅝╢⁹  

 

 

 
8 ╒⅛ 2011 ⅛╠─ ⌐ ≠ↄ ∕─ 1

─ ─ ≤ │⌡ ─ N10013 . 
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 3.1-14 │⌡─ ─ ≤ ─  

 

2) ─ ─  

 ─ ≢│ ─ ⅜ ⅝⌂ ≢№╢⁹ ⌐⁸ ↕╣≡

™╢ ─╟℮⌂ ─ ≢│⁸ ⌐ ∂≡

╛ ─ ⅜ ↕™ ꜠▬▪►♩╩ ∆╢↓≤≢ ⌂ ╩ ╣╢↓≤⅛╠⁸

⌐ ─ ╩ ⇔≡ ╛ ╩ ╘╢↓≤⅜ ≢№╢⁹

↓─↓≤⅛╠⁸ ☿fi♃⁸│≢כ ⌐⅔™≡⁸ ╛ ⅝↕⌐

∂√ ╛ Ɽ♃כfi╩ ╘≡ ⌂ ╩ ╖⁸ ─

≤ ─ ⌂≥⌐≈™≡ ╩ ℮ ⅜ ╦╣≡™╢ 8 F

9⁹ 

  3.1-15 ⌐↓╣╠─ ꜠▬▪►♩ ╩  3.1-16 ⌐ ≤

⅔╟┘ ≤ ─ ╩ ⇔√⁹  

↓╣╠─ ─ ⁸ ≤ ─ │ ⌐ ─ ⅜ ⅝™

≤⌂∫≡™╢╙── ↕╣╢ ≢№╢↓≤⁸ ╟╡ ⇔√ ─ ≤

⌐ ≠ↄ │╒╓ ≤ ⅎ╠╣╢↓≤⌂≥─ ⅜ ╠╣≡™╢⁹  

 

 
9 ╒⅛ 2014 ─ ╩ ∆╢ ⌐⅔↑╢ ≤ ⌐

≠ↄ ⌐≈™≡ ♩fiⱠꜟ 24 з-10 2014.12 
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 3.1-15 350m 9⌐  

 

 

 3.1-16 ≤ ⅔╟┘ ≤ ─ 9  

 

 

3) ─ ≤  

NUMO 2021 ≢│⁸ ─ ╩ ⇔⁸ ─ ╩ ⌐∆╢ ⅛

╠⁸ ⇔√™ↄ≈⅛─ ה ⁸ ה

⁸ ה ⁸ ⌂≥ ⌐⅔↑╢ ⌂ ⌐

╢ ╩ ⇔≡™╢ 9 F

10⁹  

⇔√ ─ ╩  3.1-2 ⌐⁸ ╩  3.1-17 ⌐ ∆⁹╕√⁸  

⁸ ⁸ ⅔╟┘ ⌐ ╢ ╩  3.1-3⁸  

 
10 NUMO 2021 ╦⅜ ⌐⅔↑╢ ⌂ ─  ⌂

◘▬♩─ ⌐ ─☻כ◔▫♥ⱨכ☿√↑ 3-13 ─  

ӊ
Ὣᴮ
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3.1-18  3.1-21 ⌐∕╣∙╣ ∆⁹  

 

 3.1-2 5 ─ 10  

 

 

 

 3.1-17 5 ─ 5  

 

  



 

- 20 - 

 

ה 3.1-3   ה ה ─ 10 

 

 

 3.1-18 10  
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 3.1-19 10  

 

 3.1-20 10  
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 3.1-21  10  

 

 3.1-22 ⌐ ≤ ─ ╩ ∆⁹↓─ │ ─ ≤

─ ≢№╢⅜⁸ ⌐ ™ ⅜ ∂╢ ╙ ╘╠╣≡™╢⁹  

 

 3.1-22 ⌐⅔↑╢ ≤ 1 0 F

11 

(a) (b) │ ꜟכ▼◦ꜟ▬○─ Ợ ♪כ꜠◓ꜟ▬○

210L/ton × ♪כ꜠◓ꜟ▬○ 63L/ton │ Eseme et al . , (2007)╟╡  

 

 3.1-23 ⌐│ ─ ╩ ⇔√⁹ ≢│ ↔≤─

 
ה  11 2013 ꜟ▬○ה☻●ꜟכ▼◦ ⌐⅔↑╢☺○ⱷ◌♬◒☻ ,

,78,1,pp.35 46 
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≤ ⅜ ↕╣≡™╢⁹╕√⁸  3.1-24 ⌐│ ɨHmin ≤ ╡ ↕

h ─ ⅜ ↕╣≡™╢⁹↓╣⌐╟╢≤⁸ ╡ ↕ 600m ─

Hmin │ ⌐╟╢ ⅝⌂ │ ╘╠╣∏⁸ ╡ ╡ ─ 0.5 

1.5 ─ ≤⌂∫≡™╢⁹ ⁸ ╡ ↕ 900m ≢│⁸│ ╡ ↕ 600m 

≢─ ╩ ⇔√ ╟╡ ↕™╙─⅜ ╠╣╢ ⁸♃כ♦ 1 ♃כ♦ 8 ⁹

╕≢⌐ ╡ ↕ h ≤─ ⌐≈™≡ ╩ ╢ ≢ ∆╢≤ ─╟℮⌐⌂╢⁹  

 

 3.1-25 ⌐ ─ ╩ ∆⁹↓─ ≢│⁸

600m ─ ╩ ⌐⇔≡ ─ ⅜ ⌐ ⌂╢⁹↓─╟℮⌐⁸

⌐⅔™≡╙ ⌐╟∫≡ ⅜ ⌂╢↓≤⅜№╡⁸ ⌐⅔™≡╙ ⅜

≢№╢⁹  

 3.1-26 ⌐ ╣ ─ ╛ ─ ↕⌐╟╢◒ꜝ☻ ↑ ↔≤─

⌐╟╢ ╩ɫה ⇔⁸∕╣╠─ ╩ ⇔√ ╩ ∆⁹╕√⁸  

3.1-4 ⌐ ⅛╠ ↕╣╢ ─ ╩ ∆⁹↓─╟℮⌂ ─

─ ↕╣√ ⅛╠⁸ ─ ╛◖▪─ ⌐ ∂√ ╩ ∆╢↓

≤⅜ ≢№╢⁹  

 

 3.1-23 ⁸ 1 1 F

12 

  

 
12  ╒⅛ 2009 ⅜ ⌐⅔↑╢ ─ ⌐╟╢

⌐♃כ♦ ≠ↄ , , 60, 7/8, pp.413-447. 
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 3.1-24 ╡ ↕≤ ─ 11  

  

 

 

 3.1-25 ─ 1 2 F

13, 1 3 F

14 

 
13 ╒⅛ 2005 ╩ ≤⇔√ ⌐⅔↑╢ ─

⌐╟╢ ≤

2005 G018-P003(CD-ROM) 3p. 
14 ╒⅛ 2015 ( ⌐ ∆╢ ) 500m

⌐⅔↑╢ JAEA -Research 2015-005. 
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 3.1-26 ≤ ɫה 1 4 F

15 

  

 3.1-4 ⅛╠ ↕╣╢ ─ 15 

 

 

  

 
15 1984  
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3.1.2  ≤ ⌐ ↑√ №╢™│  

Ⱳכꜞfi◓│ ה ●☻╛ ─ ה ─ ≢ ⅜ ↄ⁸

Ⱳכꜞfi◓ ─ ⌐ ∆╢ ╙ ↕╣≡™╢⁹  3.1-27 ⌐

⌐⅔↑╢ 9 ─ ⁸  3.1-28 ⌐

─ ╩ ∆ 1⁹ 

≢│ ה ─ ─ ™↓≤⁸ ─ ⅜ ╠╣

╢↓≤⁸ ≢ ⅜ ∆╢ ─ ⅜ ↄ⁸ ╩ ℮ ╙ ™↓

≤⌂≥⅜ ╠⅛⌐⌂∫≡™╢⁹  

─ ⁸ ⁸ ⁸ ⌂ ⌂≥⁸↓╣╠─

│♩fiⱠꜟ ╛♄ⱶ ─√╘─ ≤⇔≡ ⇔⁸ ≢│ ™ ⅜№

╢⁹⇔⅛⇔⁸↓╣╠─ ─ ─ │ ≢⁸ ↕╣≡™⌂™─⅜

≢№╢⁹↓╣╠─ ⌂≥≢ ╠╣√ ╛ ─ ⌐≈™≡ ⌐ ⇔

√⁹ 

 

 

 3.1-27 9 ─ 1 

 

 3.1-28 ─ 1 
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(1)  

─└≤≈≤⇔≡⁸ ה ●☻ ⌂≥≢ ↕╣√ Ⱳכꜞfi◓

─ ⌐ ∆╢ ─ ╛ ⅜ ≢⁸ ⌂ ─ ה

⌂≥⌐╟╡ ─ ⌂ ─ ╛ ╩ ╖ →≡⅝√ ─

╩ ↕∑⌐ↄ™ ⅜№→╠╣╢⁹  

≢│⁸ ─ ⌐ ∂√ ≤ ─ ⁸

⌐ ∆╢ ⌐≈™≡ ⌂ ⅜ ↄ⁸↓℮⇔√ ⌂ ⅜ ≢⅝≡™⌂

™≤◘▬♩ ┼─ ⅜ ⇔™⁹  

↓─√╘⁸ ─ ⌂≥─ ╩ ⌐∕─ ─ ⁸ ⁸ כ♦

♃⌂≥╩ ⇔⁸◦Ⱶꜙ꜠כ◦ꜛfi╛ ⌂≥⌐╟╡ ╩ ה ╠⅛⌐⇔⁸

⌂≥┼ ↕∑╢↓≤⅜ ≤⌂╢⁹  

↓─╟℮⌂ ⌐ ™╢ ◦Ⱶꜙ꜠⁸│כ♃כ ≤ ╩ ⇔≡ ↑

╢◦Ⱶꜙ꜠כ♃כ⅜ ╕⇔™⁹ ⌐⅔™≡│⁸ ꜠ⱬꜟ≢ ⌐ ↕╣≡⅔╡⁸

≢─ ⅜ ™♁ⱨ♩╙ ∆╢ FLAC3D ⁸Soilp l us ⌂≥ ⁹ 

↓╣╠─ ה ≢ ≤⌂╢ Ɽꜝⱷכ♃│  3.1-5 ─≤⅔╡≢№╢⁹↓

℮⇔√Ɽꜝⱷכ♃╩ ╢√╘⌐│ ⌂≥⅛╠─ ╙ ≢№╢⅜⁸╟╡ ─

⌐ ┘ ↑╢√╘⌐│⁸ ≤∆╢ ≢─ ╛◖▪ ⌂≥╩ ™╢↓≤⅜

╕⇔™⁹ 

 

ה 3.1-5  ≢ ≤⌂╢ Ɽꜝⱷכ♃  

 ⌂  

 ⁸◖▪ ⁸  

 ◖▪ ⁸  

 ⁸◖▪ ⁸  

 ◖▪ ⁸  

∑╪ ɫ  ◖▪ ⁸  

ⱳ▪♁fi  ⁸◖▪ ⁸  

 ⁸◖▪ ⁸  

 ⁸◖▪ ⁸  

 ◖▪ ⁸  

─ ⌐ ∆╢  ◖▪ ⁸  

 

(2)  

≢│ ⅜♃כ♦ ─√╘─ ⁹╢№≢♃כ♦⌂ ⁸

─ ≢│⁸ ⁸◖▪ ⁸ ⁸ ⁸≤⌂♃כ♦ ╠⅛♃כ♦⌂

╩ ⇔⁸ ⌂ ╩ ⌐ ≢⅝╢╟℮⌐⌂∫≡™╢⁹╕√⁸

─ ⌐ ∆╢ ╙ ╦╣≡™╢⁹  

⁸꜡♇◒ⱨ▫☺♇◒☻⸗♦ꜟ╩ ™√ ⸗♦ꜟ╩ ™≡ ╠⅛♃כ♦

┼♃כ♦ ↕∑╢ ⅜ ╘╠╣≡™╢⁹  3.1-29 ⌐ ∆ ⅔╟┘ ⅛╠⌂

╢ 2 ⸗♦ꜟ╩ ─ ⌐♃כ♦ ⇔√≤↓╤⁸  3.1-30 ⌐ ∆╟℮

⌐ ™ ╩ ⇔√↓≤⅜ ↕╣≡™╢⁹ ⌂≥≢ ╙╩≤⌂♃כ♦╢™≡╣╠
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≤⌐↓╣╠─ ╩ ⇔≡⁸ ─ ─┼♃כ♦ ⌐ ⇔⁸

⌐ ∆╢ ┼♃כ♦ ≤∆╢↓≤╙ ≢№╢⁹  

 

 3.1-29 ꜡♇◒ⱨ▫☺♇◒☻╩ ™√ ⸗♦ꜟ─  

⸗♦ꜟ  (Dvorkin, 2001) ─  

 (a) ─ (b) ⸗♦ꜟ ,(c)P ≤ ─ 1 5 F

16 

 

 3.1-30 ꜡♇◒ⱨ▫☺♇◒☻╩ ™√ ⸗♦ꜟ  

(3)  

 ─ ╩ ⌐ ⌐ ⇔⁸ ╩ ⇔◘▬♩ ⌂≥╩

℮↓≤│ ≢№╢⁹ ─ ─ ⌐│Ⱳכꜞfi◓♦כ♃⅜ ≢№╢↓

≤⅛╠⁸◘▬♩ ⌂≥⌐ ∆╢↓≤⅜≢⅝╢╟℮⌐⁸ ─ ה

●☻⁸ ─ ╙♃כ♦ ╘≡ ⁸ ⁸ ♦╩≤⌂♃כ♦

☻כⱬ♃כ ⇔⁸ⱪ꜡☺▼◒♩ ≢ ⌂ ⌐∆╢↓≤╙ ≢№╢⁹    

 
ה 16 2009 ꜡♇◒ⱨ▫☺♇◒☻╩ⱬכ☻⌐⇔√ ♃כ♦

─ ⌐ ∆╢ , , 62 , 4 , pp.437-446. 
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3.2  Uꜟכⱪ ─ ⌐ ∆╢ ה  

≢│⁸ ⌐⅔↑╢ U ♪☼כ꜡◒ ⱪכꜟ ─ ─ ╩ ∆╢√

╘⌐⁸ ∆╢ ─ ◖fi♩꜡כꜟ ≤ ה ⌐ ∆

╢ ה ╩ ™⁸ ─ ≤ ┼─ ╩ ℮⁹  

3.2.1  ≤ ⌐⅔↑╢ ꜟꜝ♥ꜝ♅ꜟⱴה ─  

↓─ 10 ⁸Schlumberger ⅜ ╩☻ⱦכ◘ ⇔√ ה 1 6 F

17

ERD, Extended Reach Dril ling well │ ≢ 1,241 ╩ ∆╢⁹

│ 15,000m(15km, ERD ratio 1 7 F

18 5.38) ⌐╙ ∆╢⁹∕─℮∟⁸ ☺▪ה

▪ ─ ה ╗ ERD │ 761  (max AHD 9,700m, 

ERD ratio 5.38) ≢№╢⁹↓╣⌐ Schlumberger ☻ⱦכ◘─ ⌐╟╢

╙ ╘╢≤ 10 ≢ 5,000 ╩ ⅎ╢╙─≤ ╦╣╢⁹  

 3.2-1 ⌐⁸ 3 ─ ▪☺▪ה ─ ERD ─ AHD vs TVD

ⱪ꜡♇♩╩ ∆⁹ ⌐⁸ ה ה ה ∞↑⌐ ╢≤⁸3 ≢ 50  

(max AHD 8,000m, ERD ratio 4.81) ─ ≤⌂╢⁹∕─ ERD ─ AHD

vs TVD ⱪ꜡♇♩╩  3.2-2 ⌐ ∆⁹↓─℮∟⁸ ≢─ ERD │⁸

5 ה 2 ≢№╢⁹∕─℮∟⁸ⱴꜟ♅ꜝ♥ꜝꜟ │ 3 ≤⌂╢⁹2006 ─♦

⁸≥╢╟⌐♃כ ─ ה ─℮∟⁸ⱴꜟ♅ꜝ♥ꜝꜟ Multi -Lateral, 

Multi -ERD │⁸29 ⅛ ≢ 1,000 ╩ ⅎ╢ ⅜ →╠╣≡™╢⁹  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3.2-1 3 ─ ─▪☺▪ה ERD vs 1 8 F

19 

  

 
17 ⅛╠ ─≢╕♩♇◕כ♃  
18 ERD ratio ⌐ ≤ ─  2 ─ ╩ ERD ≤ ┬  
19 Schlumberger ╟╡  

3,
00

0m

10
,0

00
m

6,
00

0m

3,000m

7,000m

5,000m

8,000m
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 3.2-2 3 ─ ─ ERD vs 19  

3.2.2  ≤ ⌐⅔↑╢ ה ─  

≢꜠fi☺fi◓ 1 9 F

20 ⌐╟╢ ה Ranging & Intersection ◘

╩☻ⱦכ ∆╢ ☻ⱦכ◘⌂ │⁸Halliburton ≤ SDI (Scientific Dril ling) 

─ 2 ≢№╡⁸↓╣╕≢⌐ 8,000 ─ ⅜№╢⁹∕─ │⁸╒╓ 100 ≤

⌂∫≡™╢⁹  3.2-1 ≤  3.2-2 ⌐⁸ ☻ⱦכ◘─≢ ╩ ∆╢ SDI ─ 2003

⅛╠ 19 ─꜠fi☺fi◓ה ─ ≤⌂╢ 188 ─ ╩ ∆⁹  

 

 3.2-1 ꜠fi☺fi◓ה 2003-2022, SDI 2 0 F

21 ∕─ 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
20 3 3ה  ☿fi◘כ♃╡╟⌐כ◕♇♩ ╕≢─ ה ה ─

↕╩ ∆╢⁹↓─ ⌐╟∫≡ ה ╩☻ⱦכ◘ ∆╢⁹  
21 SDI ╟╡  

P A Intercept:  
  Plug and  

abandonment
 
Relief  Wel l  

 
Open hole Intercept  

 
Geothermal re - entry  

 
Open hole sidetrack - reentry:  
   
Pass By  

 

3,
00

0m

6,
00

0m

10
,0

00
m

3,000m

7,000m

5,000m

8,000m

No. Month-Year Country Project Type Technology

1 Janπ03 USA P&A Intercept MagTraC

2 Augπ03 USA P&A Intercept MagTraC

3 Octπ06 Indonesia Relief well MagTraC

4 Febπ07 USA Relief well MagTraC

5 Aprπ07 Kazakhstan Relief well MagTraC

6 Julπ08 Canada Openπhole Intercept MagTraC

7 Janπ09 USA P&A Intercept MagTraC

8 Janπ09 USA P&A Intercept MagTraC

9 Febπ09 Venezuela Relief well MagTraC

10 Aprπ09 Turkey Vertical intercept MagTraC

11 Aprπ09 Argentina Relief well MagTraC

12 Julπ09 Qatar Relief well MagTraC

13 Julπ09 USA P&A Intercept MagTraC

14 Decπ09 USA P&A Intercept MagTraC

15 Junπ10 USA P&A Intercept MagTraC

16 Julπ10 USA P&A Intercept MagTraC

17 Julπ10 USA P&A Intercept MagTraC

18 Augπ10 USA P&A Intercept MagTraC

19 Augπ10 USA P&A Intercept MagTraC

20 Augπ10 USA Geothermal reπentry MagTraC

21 Octπ10 USA Open hole sidetrackπreentry MagTraC

171 Julπ20 USA P&A Intercept BlackShark

172 Julπ20 USA P&A Intercept BlackShark

173 Augπ20 USA P&A Intercept BlackShark

174 Augπ20 USA P&A Intercept BlackShark

175 Sepπ20 USA P&A Intercept BlackShark

176 Octπ20 USA P&A Intercept BlackShark

177 Novπ20 USA P&A Intercept BlackShark

178 Novπ20 USA P&A Intercept BlackShark

179 Janπ21 USA Intercept Lodestone

180 Augπ21 USA P&A Intercept BlackShark

181 Sepπ21 USA P&A Intercept BlackShark

182 Sepπ21 USA P&A Intercept BlackShark

183 Febπ22 USA P&A Intercept MagTraC

184 Marπ22 USA P&A Intercept BlackShark

185 Marπ22 USA P&A Intercept MagTraC

186 Mayπ22 USA P&A Intercept MagTraC

187 Junπ22 USA P&A Intercept BlackShark

188 Julπ22 Canada Passπby Lodestone

SDI ranging service - Project History and Experience  2003 -
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 3.2-2 ꜠fi☺fi◓ה 2003-2022, SDI 21∕─ 2 

 

 

 

 

 

 

 

 

 

 

 

 

≢─ ≤⇔≡│⁸2010  ⌐⅔↑╢ 3 ─

⇔√ ꜟ▼►ⱨכꜞꜞ─┼ ≢⁸SDI GERD ─꜠fi

☺fi◓◘כⱦ☻⅜ ↕╣√⁹ 3 ◓fi◦כ◔─ ─ ≤

┼─ ⅜ ↕╣⁸ ⌐ ─ ╩ ∆╢↓≤⌐ ⇔√⁹  

 3.2-3 ⌐⁸∕─℮∟─ 1 ꜟ▼►ⱨכꜞꜞ─┼ ╩ ∆⁹  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3.2-3 Well 128 ꜟ▼►ⱨכꜞꜞ─ 2 1 F

22 

3.2.3  ⌐⅔↑╢ Uꜟכⱪ ─ ⅔╟┘  

≢│⁸ ⌐⅔↑╢ U ⱪכꜟ- ≢ ↕╣╢ ⌂ 1 כⱪfiⱱכ○

 
22  Takizawa, K. et al. 2013 Geothermal Relief Well at the Onikobe 

Geothermal Power station GRC Transactions, Vol. 37, 69 -72. 

No. Month-Year Country Project Type Technology

1 Janπ03 USA P&A Intercept MagTraC

2 Augπ03 USA P&A Intercept MagTraC

3 Octπ06 Indonesia Relief well MagTraC

4 Febπ07 USA Relief well MagTraC

5 Aprπ07 Kazakhstan Relief well MagTraC

6 Julπ08 Canada Openπhole Intercept MagTraC

7 Janπ09 USA P&A Intercept MagTraC

8 Janπ09 USA P&A Intercept MagTraC

9 Febπ09 Venezuela Relief well MagTraC

10 Aprπ09 Turkey Vertical intercept MagTraC

11 Aprπ09 Argentina Relief well MagTraC

12 Julπ09 Qatar Relief well MagTraC

13 Julπ09 USA P&A Intercept MagTraC

14 Decπ09 USA P&A Intercept MagTraC

15 Junπ10 USA P&A Intercept MagTraC

16 Julπ10 USA P&A Intercept MagTraC

17 Julπ10 USA P&A Intercept MagTraC

18 Augπ10 USA P&A Intercept MagTraC

19 Augπ10 USA P&A Intercept MagTraC

20 Augπ10 USA Geothermal reπentry MagTraC

21 Octπ10 USA Open hole sidetrackπreentry MagTraC

171 Julπ20 USA P&A Intercept BlackShark

172 Julπ20 USA P&A Intercept BlackShark

173 Augπ20 USA P&A Intercept BlackShark

174 Augπ20 USA P&A Intercept BlackShark

175 Sepπ20 USA P&A Intercept BlackShark

176 Octπ20 USA P&A Intercept BlackShark

177 Novπ20 USA P&A Intercept BlackShark

178 Novπ20 USA P&A Intercept BlackShark

179 Janπ21 USA Intercept Lodestone

180 Augπ21 USA P&A Intercept BlackShark

181 Sepπ21 USA P&A Intercept BlackShark

182 Sepπ21 USA P&A Intercept BlackShark

183 Febπ22 USA P&A Intercept MagTraC

184 Marπ22 USA P&A Intercept BlackShark

185 Marπ22 USA P&A Intercept MagTraC

186 Mayπ22 USA P&A Intercept MagTraC

187 Junπ22 USA P&A Intercept BlackShark

188 Julπ22 Canada Passπby Lodestone

SDI ranging service - Project History and Experience  2003 -
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ꜟ◘▬♪♩ꜝ♇◒ ⁸ 2 ⱴꜟ♅ꜝ♥ꜝꜟ ⁸ 3 ה

⌐≈™≡⁸∕─ ≤ ⌐≈™≡ ∆╢⁹  

(1)  

─ 4.1.4₈ ה ₉⌐ ∆₈ ◘▬♪♩ꜝ♇◒

₉│⁸₈ ◒♇ꜝ♩♪▬◘ꜟכⱪfiⱱכ○─╠⅛ Open hole 

sidetrack ₉≤⇔√⁹ 

╕√⁸∕─ ⁸ ─ ™ ⁸≤╡╦↑ ERDה ⌐⅔™≡⁸

⌐●▬♪╩ ∑∏⌐◘▬♪♩ꜝ♇◒╩ ∆╢─│⁸∕─ ╡ │ ⇔™≤

↕╣╢↓≤⅛╠⁸ ≢│⁸ ⅜ ⌂ⱱ▬♇ⱪ☻♩♇◒ Retrievable 

Whipstock ╩ ─●▬♪≤⇔≡ ∆╢  3.2-4 ╩ כ○√⇔

ⱪfiⱱכꜟ◘▬♪♩ꜝ♇◒ ≤⇔√⁹  

 

◒♇ꜝ♩♪▬◘ꜟכⱪfiⱱכ○ 3.2-4  2 2 F

23 

 

⁸╢↑⅔⌐◒♇ꜝ♩♪▬◘ꜟכⱪfiⱱכ○ ─ ⌂ Retrievable 

Whipstock │⁸ⱴכ◔♇♩⅛╠ ≢№╢⅜⁸∕─ │ ≢№╡⁸│∫⅝╡

⇔⌂™⁹╕√⁸◘▬♪♩ꜝ♇◒╩ ⅎ√ ─ⱱ▬♇ⱪ☻♩♇◒ ─ ⁸◘▬♪♩ꜝ♇◒

─ⱱ▬♇ⱪ☻♩♇◒ ⌐ ∆╢◌♇♥▫fi◓☻⌐╟∫≡⁸ ⌐ ⇔√ⱱ▬

♇ⱪ☻♩♇◒─ ⅜ ↕╣╢⁹ⱱ▬♇ⱪ☻♩♇◒ ┼─◌♇♥▫fi◓☻

╩ ∆╢ ─ │⁸ ⅛╠─₈Open hole sidetrack ₉≢│⌂ↄ⁸◔כ◦fi◓

⅛╠∆═≡─ Leg hole ╩◘▬♪♩ꜝ♇◒∆╢₈Cased hole sidetrack ₉  

3.2-6 ≤™℮ ⌂ ⅜№╢⁹↓╣╩ ℮⌐│⁸◘▬♪♩ꜝ♇◒  ☺ꜗfi◒◦ꜛfi ─

╩ ╢∆כfi◓≢◌Ᵽ◦כ◔ "9-5/8 ⅜№╡⁸∕─√╘⌐│⁸╟╡ ™ ⌐ 9-

5/8" ╩ ∆╢ ⅜№╢⁹ ≢│⁸↓─ Cased hole sidetrack ⌐╟╢ⱴꜟ♅

ꜝ♥ꜝꜟ ⅜ ≤⌂∫≡⅔╡ ╙ ⌐ ™⁹Cased hole sidetrack ≢│⁸

 
23 Kim, J., Myung H. 2017 Development of a Novel Hybrid -Type Rotary 

Steerable System for Directional Dril l ing. IEEE Access, Volume 5 , 2017, 

24678-24687. 

Open hole sidetrack

w/ Whipstock w/o Whipstock

Mechanical 
guide
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Open hole sidetrack ⌐ ═⁸ ≤⇔≡ ⅜ ↄ⌂╢√╘ ─

⅜ ⌐⌂╤℮⁹ ⌐│⁸ ─ ╩ ⇔ Open hole 

sidetrack ≤ Cased hole sidetrack ─≥∟╠╩ ∆╢⅛⁸ הכⱣ◙ꜞה ◄fi

☺♬▪ 3 ⌐╟╢ ⌂ ⅜ ≢№╢⁹  

 

 

◒♇ꜝ♩♪▬◘ꜟכⱪfiⱱכ○ 3.2-5   Whipstock 2 3 F

24 

 

 

◒♇ꜝ♩♪▬◘ꜟכⱱ♩☻כ◔ 3.2-6  Whipstock 26  

(2)  

U ⱪכꜟ- ─ │⁸ ∆╢ Upper hole ≤ Lower hole

─ 9-5/8ó◔כ◦fi◓╩☿♇♩⇔√ ⁸◘▬♪♩ꜝ♇◒╩ ™⁸∕─◘▬♪♩ꜝ♇

◒⇔√ Leg A, B │ ─ ╩ ∟⌂⅜╠ ™⌐ ≡⇔≥ꜟכⱪfiⱱכ○⌐

 
24 Ma, T., Chen, P., Zhao, J. 2016 Overview on vertical and directional 

dril l ing technologies for the exploration and exploitation of deep petroleum 

resources, Geomechanics and Geophysics for Geo-Energy and Geo -Resources, 

(2016) 2:365Έ395. 

Open hole sidetrack

Open hole
Whipstock

Cased hole sidetrack

Cased hole
Whipstock
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↕╣╢⁹ │⁸ ⌐╙ ─ ╩ ∟⌂⅜╠◖fi♩꜡כꜟ ↕╣╢

ה ─ │ ⅜⌂™╟℮⁸ ↔≤─ ⌐╟╡ ⅜ ↕

╣╢ ⁹ ─ ⁸ │⁸꜠fi☺fi◓♠כꜟ╩ ⇔≡⁸⅔ ™─

≤ ╩ ꜠fi☺fi◓ ⇔⌂⅜╠ ⅛╠ ⌐ ↕╣╢⁹  

U ─ⱪכꜟ- │⁸James Joyce configuration ♦◙▬fi╩ ⌐⇔≡⅔╡⁸

─☻♃♦▫≢╙ ⌂  (Leg A1, 9 -5/8Δcasing vertical section) ╩

⌐⇔≡⁸∕─ ⅛╠◘▬♪♩ꜝ♇◒ ╡ ⇔√ 11 Leg A2 - A12 ─ Leg A

Upper hole ≤⁸Leg B1 ⅛╠◘▬♪♩ꜝ♇◒ ╡ ⇔√ 11

Leg B2 - B12 ─ Leg B Lower hole ⅜ ∆╢♦◙▬fi≤⇔√⁹ ⁸

 3.2-7 ⅔╟┘  3.2-8 ⌐⁸ ─ ♦◙▬fi╩ ∆⁹  3.2-10 ⌐│⁸

U ─ⱪ♦◙▬fiכꜟ- ╩ ∆⁹  

 

 3.2-7 U ⱪᵑכꜟ  
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 3.2-8 U ⱪᵒכꜟ  

 

─ ≤⇔≡│⁸ ─  3.2-9 ⌐ ∆ ┼─₈dropping in ₉

₈uphilה l  (toe -up)₉ ─ 2 ⅜№╢⅜⁸ ☻♃♦▫≢│⁸ ♪ה◒ꜟ♩─

ꜝ♇◓⅜ ⌂™ כꜞ♫♥◌⌂ ≤⌂╢₈dropping in / downhill ₉ ╩

⇔√⁹ 

 

 

ה 3.2-9  ─ A, B  

  

A: Producer drop into 
(downhill) 

the Injector 

B: Injector uphill to 
the Producer

Producer

Injector

Producer

Injector
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☻♃♦▫≢│⁸ ─ ─√╘⌐ ⇔√ ╩ ⌐⇔⁸ ⌂

ⱴꜟ♅ꜝ♥ꜝꜟ Well trajectory ╩ ⌐ ⇔√℮ⅎ≢⁸∕─ ╩

⇔√⁹↓╣╠│╕√⁸ ─ ה ⌐╙⌂∫√⁹  

3.2-10  3.2-13 ⌐⁸∕─ Well trajectory ╩ ∆⁹ │ 4.1.4₈

ה ₉≢ ═╢⁹  

 

 

 

 3.2-10 U ─ⱪᵑכꜟ- 12 ─ 3D ⱦꜙכ 

 

 

 

 3.2-11 U ─ⱪᵒכꜟ- 12 ─ 3D ⱦꜙכ 
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 3.2-12 U ─ⱪᵑכꜟ- 12 ─ ⱦꜙכ  

 

 

 

 

 3.2-13 U ─ⱪᵒכꜟ- 12 ─ ⱦꜙכ  
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⁸ ⇔√ U ꜟꜝ♥ꜝ♅ꜟⱪⱴכꜟ- ה Multi -Lateral well 

configuration, Well trajectory ⌐ ≠⅝⁸ ⌐⅔↑╢ U ꜟꜝ♥ꜝ♅ꜟⱪⱴכꜟ-

─ ╩ ∫√⁹↓─ ≢ ≤⌂╢₈ BHA, Bottom 

Hole Assembly ◓♇ꜝ♪ה◒ꜟ♩₉⁸₈ Torque & Drag ₉⁸₈Ɫ▬♪꜡►ꜞ◒☻

Hydraulics ₉─ ⌐ ⇔≡⁸ ≤ ╩ ∫√⁹∕─ ─ ╩ ⌐

∆⁹ 

 

ה ┼ ∆╢ Schlumber ger  BHA ╩  3.2-3 ⅔╟┘

 3.2-4 ⌐ ∆⁹™∏╣╙ ─ ╩ꜟכ♠ ™⁸ ∆╢ U ꜝ♅ꜟⱪⱴכꜟ-

♥ꜝꜟ ─ │ ≢№╢⁹╕√  3.2-3 ⌐ ⇔√╟℮⌐⁸U ⱪᵑכꜟ

─ 8-1/2ó ┼│ RSS (Rotary Steerable Sytem) ─ ⅜ ↕╣╢⁹  

◓♇ꜝ♪ה◒ꜟ♩ה 2 4 F

25 Torque & Drag ─ ⅛╠⁸U ⱪᵑ≢│⁸Drilכꜟ l  

strings ─ 219 klbs (99 ton) ♩ꜟ◒ 16 kft.lbs (2,200 kg.m) ⁸U

ⱪᵒ≢│⁸כꜟ 420 klbs (190 ton) ♩ꜟ◒ 28 kft.lbs (3,900 

kg.m)⁸≤⌂╡⁸ ∆╢ ꜞ◓ ─ ⌐ ╕∫≡⅔╡⁸ ∆╢

U ꜟꜝ♥ꜝ♅ꜟⱪⱴכꜟ ─ │ ≢№╢⁹  

☻◒ꜞ►꜡♪▬Ɫה Hydraulics ─ ⅛╠⁸ ⱳfiⱪ 980gpm 

(3,700lpm) 2300 psi (160 ksc)≤⌂╡⁸ ∆╢ ꜞ◓ ─

⌐ ╕∫≡⅔╡⁸ ∆╢ U ꜟꜝ♥ꜝ♅ꜟⱪⱴכꜟ ─ │

≢№╢⁹ 

 

 3.2-3 BHA Έ U  ⱪᵑכꜟ

 

  

 
25  ♩ꜟ◒≤│⁸ ⌐ ⇔√ⱦ♇♩ה♪ꜞꜟ☻♩ꜞfi◓╩ ↕∑╢√╘⌐ ⌂

≢№╡⁸ ≤♪ꜞꜟ☻♩ꜞfi◓ ─ ⌐╟∫≡ ∆╢⁹♪ꜝ◓≤│⁸

≤♪ꜞꜟ☻♩ꜞfi◓ ─ ⌐╟∫≡ ∆╢ ה ─↓≤≢№╡⁸

─♪ꜞꜟ☻♩ꜞfi◓ ─ ≤⇔≡ ╣╢⁹  

Hole

size
MD Event

DLS

(°/30m)

BHA
(Schlumberger)

17-1/2" 600 m Drill
keep

vertical
Power V RSS/MWD

927 m KOP

1500 m 57 °

1500 m 57 ° Drill 2.0 °

8-1/2" 1827 m EOB 90 ° Sidetrack/Whipstock 8.0 °

Multi-lateral drill 2.5 °

3500 m

TD
Lateral 90 ° Intersection 2.0 °

Motor/MWD, PowerDrive Orbit G2 RSS

or PowerDrive Archer RSS (2800m~)

BHA plan- Eavor Loop 1.0  (SLB)

Motor/MWD

INC

(max)

12-1/4" 3.0 ° Motor/MWD
Drill

Kick off 1

It will be difficult to slide towards the end of the legs (2800m-) due to friction and hole drag.  
PowerDrive Orbit G2 ƛǎ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ w{{ .I! ǿƘŜƴ ƳƻǘƻǊ .I! ŎŀƴΩǘ ǎƭƛŘŜ ŀƴȅƳƻǊŜΦ
PowerDrive Archer is another alternative RSS BHA with higher dogleg capability.
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 3.2-4 BHA Έ U  ⱪᵒכꜟ

 

(3)  

2010 ꜟ▼►ⱨכꜞꜞ─  ≢│⁸ ⇔√ 3 ▼►ⱨכꜞꜞ─┼

ꜟ ⌐⅔™≡⁸꜠fi☺fi◓⅜ ≤⌂╢ ⅜ ⇔√⁹↓╣│⁸ ∆╢ ─◔

⅜◓fi◦כ ⌐╟╡ ⇔≡∕─ ⅜ ⇔≡™√↓≤≤⁸

⌐ ╕╣╢ ≢№╢ ⅜ ◘ⱨ►▼ꜟ☿fiכꜞꜞ⁸╡╟⌐≥↓√⇔

≢כ ⌐ ⱡ▬☼⅜ ⇔⁸ ♩♇◕כ♃ ─ ≤⁸∕─ ─

Ranging & Intersection ⌐ ⇔√≤─ 2 5 F

26 ⅜⌂↕╣≡™╢⁹  

꜠fi☺fi◓♠⁸│⌐ꜟכⱤ♇◦Ⱪ꜠fi☺fi◓ PMR, Passive Magnetic Ranging

≤▪◒♥▫Ⱪ꜠fi☺fi◓ AMR, Active Magnetic Ranging ⅜№╡⁸ ◦כ◔│≢

fi◓ ╟╡ ∆╢ ╩ ∆╢ ≢ PMR ⅜ ↕╣√⁹ ⁸AMR │⁸

─ ⅛╠ ⌂ ™ ╩ ↕∑⁸∕╣╩╙℮ ─ ⌐ ⇔√☿fi◘כ⅛

╠ ∆╢↓≤≢⁸ ™─ ≤ ╩ ∆╢ ≢№╢⁹  

U ⱪכꜟ ╩⁸ ─  ⌐ ∆╢ │⁸AMR ◦☻♥ⱶ─꜠fi

☺fi◓♠כꜟ╩ ∆╢↓≤⌐╟∫≡⁸ ≢ ⇔√꜠fi☺fi◓─ │ ≢⅝╢╙

─≤ ⅎ╢⁹SDI ─ 2 ─ AMR ꜠fi☺fi◓♠כꜟ╩ ≢ ⇔√ ─⁸

ה Ran ging & Intersection ─ ─⁸ ┼─꜠fi☺fi◓♠כꜟ

╩  3.2-14 ⅔╟┘  3.2-15 ⌐ ∆⁹ ─ ⁸ ⌐╟╡⁸2

⅜ꜟכ♠─ ™ ↑╠╣╢⁹  3.2-16 ⅔╟┘  3.2-17 ⌐│⁸↓─ 2 ─ AMR

꜠fi☺fi◓♠כꜟ MagTracer ≤ Lodestone ╩ ⇔√ ─⁸☿fi◘כ

Detection range ≤ well separation ─ ╩ ∆⁹ 

 

 

 

 
26 ╒⅛ 2015 ⌐⅔↑╢ ꜟ▼►ⱨכꜞꜞ , 

H27 , A27.  

Hole

size
MD Event

DLS

(°/30m)

BHA
(Schlumberger)

17-1/2"
550 m

Sec. TD
Drill

keep

vertical
Power V RSS/MWD

610 m KOP

1060 m EOB 30 °

1500 m

Sec. TD

1500 m Tangent Drill 2.0 °

Sidetrack/Whipstock 8.0 °

Multi-ERD hole drill 2.5 °

3500 m

TD
Tangent Intersection 2.0 °

BHA plan - Eavor Loop 2.0  (SLB)

INC

(max)

12-1/4"

8-1/2"

Motor/MWD

Motor/MWD

2.0 °

30 °

Motor/MWD
Drill

Kick off 1
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 3.2-14 SDI MagTracer ⌐╟╢꜠fi☺fi◓ה 2 6 F

27 

 

 

 3.2-15 SDI Lodestone ⌐╟╢꜠fi☺fi◓ה 2 7 F

28 

 

  

 
27 SDI ►▼Ⱪ◘▬♩─ ⌐  

https://scientificdril l ing.com/assets/uploads/2017/06/MagTracer -Active -

Ranging -System -PF.pdf  
28 SDI ►▼Ⱪ◘▬♩─ ⌐  

https://scientificdril l ing.com/assets/uploads/2019/09/Lodestone -PSS-SDI -

F008_08_19.pdf  

Lodestone At-Bit Magnetic

Ranging

Rotating 
Magnetic

Sub

Receiver
ranging probe sensor

Producer

Injector

Transmitter
Last BHA w/

rotating magnetic sub
ranging source

Deploy WL, pump down 
the ranging probe sensor

SDI Lodestone: 
spec 100m/150 ϴ

Transmitter
MagTracer(Solenoid coil)

ranging source

Producer

Injector

Receiver
MWD sensor

Deploy WL, pump down 
to the ranging source

SDI MagTracer: 
spec 75m/225 ϴ
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 3.2-16 SDI MagTracer ─ ☿fi◘כ ≤ 2 8 F

29 

 

 

 3.2-17 SDI Lodestone ─ ☿fi◘כ ≤ 2 9 F

30 

  

 
29 SDI ╟╡  
30 SDI ╟╡  

At 50m separation, 
100minterval of the Producer can be detected

At 60mseparation, 
80minterval of the Producer can be detected

SDI
MagTracer: 
max 75m 
detection 
range

At 70mseparation, 
40minterval of the Producer can be detected

At 75mseparation, 
100minterval of the Producer can be detected

SDI Lodestone: 
max 100m-120m 
detection range
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3.3  ◦Ⱶꜙ꜠כ◦ꜛfi 

≥ꜟכ♠  3.3.1  

(1)  

◦Ⱶꜙ꜠כ◦ꜛfi─ │⌐ꜟכ♠ ₁─ ⅜№╢√╘⁸↓↓≢│  3.3-1

⌐ ∆ 5 ≈─ ⌐╟∫≡∕╣∙╣ ╩ ™⁸ ╩ ה ⇔≡ ⌂

╩ ∆╢↓≤≤⇔√⁹  

 

 3.3-1 ◦Ⱶꜙ꜠כ◦ꜛfi─  ꜟכ♠

   

ⱪ꜡◓ꜝⱶ  NEDO ₈ ◦☻♥ⱶ─ ₉

2020-2021 ≢ ⅜ ⇔√

ⱪ꜡◓ꜝⱶ⁹ ≤ ─ ⸗♦ꜟ⁹  

STARS ≢ ↕╣√ ─√╘─ ☺ה

○ⱷ◌♬◒☻ ─ ◦Ⱶꜙ꜠⁹♃כ  

GOSIM  ♪▬♠ GEOS ≢ ⱶ♥☻◦♪☼כ꜡◒√╣↕ ◦Ⱶꜙ

⁹♃כ꜠  

COMSOL Multiphysics  ⁸ ⁸ ╒⅛ ⌐ ─

╩ ™√◦Ⱶꜙ꜠כ♃  

 Ram ey ─ ⌐ ≠ↄ ╩ ⇔√ ─ ⌐

╟╢  

 

◦Ⱶꜙ꜠כ◦ꜛfi─ ≤∆╢─│ ≢ ═√╟℮⌐ ─ 6 ♪☼כ꜡◒─≈

≢№╢⁹ 

U ⱪכꜟ           

Uה ה          ⱪḎכꜟ ᵑ  

Uה ה          ⱪᵑכꜟ ᵒ  

Uה ה          ⱪᵒכꜟ ᵓ  

↓─℮∟ U │ⱪḎכꜟ ─ꜟכ♠ ─ ╩ ⌐ ∆╢√╘⌐ כ♦

♃≤─ ╩ ℮╙─≢№╡⁸ ⌐ ─ 5 ≈─ ─◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮⁹  

(2)  

1) ⸗♦ꜟ─ ה  

 ⸗♦ꜟ─ ה ─ ╩  3.3-1 ⌐ ∆⁹U │ⱪḎכꜟ ◘▬♩─

⌐ ™⁸ 2,400m ─ ⁸ ≤ ↕ 1,700m ─ 2 ─ꜝ♥ꜝꜟ

≤∆╢⁹U ⱪᵑ│⁸כꜟ 1,500m ─ ⁸ ≤ ↕ 2,000m

─ 12 ─ ꜝ♥ꜝꜟ ⅛╠⌂╡⁸ꜝ♥ꜝꜟ ─ │ 0.216m 8.5 ▬fi♅ ⁸

─ │ 75m ─ ⅜ ∂⌂™≤ ⅎ╠╣╢ ≤∆╢⁹U ⱪᵒכꜟ

│⁸ 1,500m ─ ─ ⅛╠ ╘ ⅛╠ 60° ⌐ ™√ ⌐

↕ 2,000m ─ 12 ─ꜝ♥ꜝꜟ ⅜ ∆╢╙─≤⇔ 3,232m ⁸ꜝ♥ꜝ

ꜟ ─ ה │ U ≥ⱪᵑכꜟ ∂≢№╢⁹   
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U  ⱪḎכꜟ

 

 

 

 

 

 

 

 

 

 

 

 

U ⱪᵑ           Uכꜟ  ⱪᵒכꜟ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᵑ         ᵒ      ᵓ 

 

 3.3-1 ◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔↑╢ ─⸗♦ꜟ  

  

1,500m 1,500m 

75m 

12  

2,000m 

2,000m 

12  

0.216m 
75m 

3,232m 

1,000m 

3,000m 

2,500m 

19 t /h  
276  

3,000
m 

 
0.216m 

 
0.216m 

2,400m 

1,700
m 

0.216m 
2  

gu 

gu 

 
 

 
 

 
 

0.216m 

 

 
VIT 

 
0.311m 

1,500m 

3,000m 

 
0.216m 

gu 
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≢│⁸™∏╣─ ╙ │ ↕ 3,000m ─ ≤∆╢⁹

ᵑ≤ ᵒ≢│ │ ╕≢ ∆╢╙─≤∆╢⁹ ᵓ

─ ᵓ ─ ↕│ 1,000m ≤⇔⁸ ─ 2,500 3,000m

╩fiכꜞ◒☻│ ⇔≡ ⅜ ⌐ ∆╢ ≤∆╢⁹  

2) Ɽꜝⱷכ♃  

 3.3-3 ⌐ U ─ⱪḎכꜟ ╩ ∆⁹ ⌐№╢ ⌐ ™⁸ ─

ה ה │ ≤ꜝ♥ꜝꜟ ≤≢ ⌂╢ ╩ ⅎ≡™╢⁹

≢─ │ 2.25 W/mK⁸ꜝ♥ꜝꜟ ≢│ 4.64 W/mK ≢№╢⁹ │⁸

≢ ◘▬ⱨ◊fi ⅜ ╠╣√ ─ ≢№╢ 23t/h ≤⇔√⁹  

U ⱪᵑ, Uכꜟ ⱪᵒ⁸כꜟ ᵑ⁸ ᵒ⁸ ᵓ─ ╩  

3.3-3 ≤  3.3-4 ⌐ ∆⁹™∏╣─ ⌐⅔™≡╙⁸ │ ≤⇔⁸ │

70ϴ≢№╢⁹ 

│ ╛ ─ ╩ ≤⇔√⁹U ≥ⱪᵑכꜟ U ⱪᵒ≢│⁸כꜟ

U ⱪḎכꜟ ─ ╟╡ ⅝╘≢ U ≢ⱪכꜟ ↕╣≡™╢ ≢№╢ 50, 100, 

200t/h ≤⇔√⁹ ᵑ≤ ᵒ≢│ 5, 10, 20t/h ≤⇔√⁹ ᵓ≢

│⁸ Coso─ ≢─ ╩ ⌐ 9, 18t/h ≤⇔√⁹ 

 3.3-2 │⁸U ⱪᵑ≢│⁸כꜟ ─ 1,500m ≢─ ⅜ ─꜠fi☺

fi◓ ≢ ⌂ ─ 220ϴ⌐⌂╢╟℮⌐ ⇔√⁹U ⱪᵒ≢│⁸כꜟ

─ ⌐╟╡꜠fi☺fi◓ ⅜ ⅜╢↓≤╩ ╪≢⁸ ─ 3,232m ≢

300ϴ≤⌂╢╟℮⌐ 1,500 ─ ╩ ⇔√⁹ ᵑ⁸

ᵒ⁸ ᵓ ─ │⁸ ─ 3,000m ⌐⅔™≡ 300ϴ≤

⌂╢╟℮⌐⇔√⁹╕√⁸ ≢─○ⱪ◦ꜛfi ≢│⁸U ≢ⱪᵒכꜟ 500ϴ⁸

ᵓ≢ 450ϴ≤⌂╢◔כ☻╙ ⇔√⁹  

 

 3.3-2 ─  
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─ ה ה ה ה │⁸ ≤

─ 2 ╩ ⇔ ™∏╣╙ ─ ⌐ ∆╢≤ ⅎ╠╣╢ ⁸

3 0 F

31╩╙≤⌐∕╣∙╣ ⇔√⁹ ─ │ 1.3W/mK⁸

│ 1.8W/mK ≢№╢⁹ 

─ 3 ≈─ ≢│⁸ ─ ─ ⅝╩ ⅎ√ ќ ⁸ ќ

╩ ∫√⁹ 

ᵓ≢ ⅛╠ ∆╢ ─ fiכꜞ◒☻⁸│ 2,500

3,000m ─ ─ 276ϴ≤⇔⁸∕─ │ Coso ≢─ ╩ ⌐ 19t/h

≤⇔√⁹ 

 

 3.3-2 U ─ⱪḎכꜟ  

    

U   ⱪḎכꜟ

U ⱪכꜟ  

⁸  

2 ─ ꜝ♥ꜝꜟ  

─ ↕  

2,400 m ꜟכⱱ♪☻כ◔ 

 

─  0.16 m ╠⅛fi◓ⱪ꜡◓ꜝⱶ◦כ◔ 

 

ꜝ♥ꜝꜟ ─ ↕  1,700 m ↕ 1,900m

≤ ⇔√ ╙№╢ 

ꜝ♥ꜝꜟ ─  0.156 m 8-1/2ó  

ꜝ♥ꜝꜟ ─  100m  

 3ϴ  

78ϴ 

 

─   

2.25 W/mK  

 

4.64 W/mK  

─◐ꜗꜞⱩ꜠כ◦ꜛfi

─  

─   

1.520 kJ/kgK  

 

1.110 kJ/kgK  

 

─   

2,240 kg/m 3  

 

2,663 kg/m 3  

 

─  4.18 kJ/kgK   

 23t/h  ≢─ ◘▬ⱨ◊fi

─  

─  24 ϴ  

 140 kPa   

  

 
31 NUMO ₈  ╦⅜ ⌐⅔↑╢ ⌂ ─ ₉ 3-13 

─  
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 3.3-3  U ⱪᵑ⁸Uכꜟ ⱪᵒ⁸כꜟ ᵑ⁸ ᵒ⁸ ᵓ─

ה ─  

    

U ⱪᵑכꜟ  

U ⱪכꜟ  

⁸  

12 ─ ꜝ♥ꜝꜟ  

( )─

↕  

1,500 m ꜟכⱱ♪☻כ◔   

─ ꜝ◓꜡fi◓ⱪ◦כ◔  

ⱶ⅛╠  

ꜝ♥ꜝꜟ ─ ↕  2,000 m   

ꜝ♥ꜝꜟ ─  0.216 m 8-1/2ó 

ꜝ♥ꜝꜟ ─

 

75 m  ≢─

 

─ꜝ♥ꜝꜟ ≤─

 

75 m  ≢─

 

 50 t/h 100t/h

200t/h  

 

U ⱪᵒכꜟ  

U ⱪכꜟ  

⁸  

12 ─ ꜝ♥ꜝꜟ  

─

↕  

1,500 m ꜟכⱱ♪☻כ◔   

─ ꜝ◓꜡fi◓ⱪ◦כ◔  

ⱶ⅛╠  

ꜝ♥ꜝꜟ ─ ↕  2,000 m   

ꜝ♥ꜝꜟ ─  3,232 m  30 ─

2,000m ─

 

ꜝ♥ꜝꜟ ─  0.216 m 8-1/2ó 

ꜝ♥ꜝꜟ ─

 

75 m  ≢─

 

─ꜝ♥ꜝꜟ ≤─

 

75 m  ≢─

 

 50 t/h 100t/h

200t/h  

 

ᵑ  

⁸  

 

◓fi◦כ◔ ,   

─ ↕  3,000m ◔כ☻♪ⱱכꜟ  

─  0.216 m  8-1/2ó, 

─ ↕  ╟╡ 1m ™   

─  0.10 m   

─ ↕  0.02 m  (1994) ╩  

─  0.06 W/mK  (1994)≢─

 

 5t/h 10t/h

20t/h  

≢─ ╩

 

─ ⅝  ќ ќ ꜟכⱱ♪☻כ◔   

ᵒ  

⁸  

 

 

─ ↕  3,000m 1500m כ◔≢╕

☻♪ⱱ⁸ꜟכ │

 

─  0.216m 8-1/2Δ ,  

ᵑ≤ ∂  
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─ ↕  ╟╡ 1m ™  ᵑ≤ ∂  

 0.178 m  7ó 

─ ↕  0.01 m  ᵓ≤ ∂  

─  90 W/mK  ᵓ≤ ∂  

─ ↕  ╟╡ 0.5m ™   

─  0.10 m  ᵑ≤ ∂  

─ ↕  0.02 m  ᵑ≤ ∂  

─  0.06 W/mK  ᵑ≤ ∂  

 5t/h 10t/h

20t/h  

ᵑ≤ ∂  

─ ⅝  ќ ќ  ᵑ≤ ∂  

ᵓ  

⁸  

 
 

─ ↕  3,000 m   

◓fi◦כ◔─  0 2,500m ↓─ fiכꜞ◒☻│  

─  0.216m  12-1/4ó 

ᵓ─ ↕  1,000 m  ≢│ 330m  

ᵓ─  0.178 m  7ó 

ᵓ ─ ↕  0.01 m  ⅜⌂ↄ  

ᵓ ─

 

90 W/mK  ─  

ᵓ VIT

─  

0.10 m  ⅜⌂ↄ  

,1994 ╩

 

ᵓ ─ ↕  0.02 m   

ᵓ ─

 

0.1 W/mK  ⅜⌂ↄ  

ᵓ ─  9t/h 18 t/h  ─

≤∕─  

ᵓ ─ ─

⅝  

ќ ќ   

─

 

19t/h  Coso ─

19 t/h ⱣꜟⱩ

≢ ⇔√

 

◓fi◦כ◔─

2,500m ≢─

 

276ϴ ☻ ◒ ꜞ כ fi

500m ─

276ϴ─ ⅜ ∆

╢≤  
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 3.3-4 U ⱪᵑ⁸Uכꜟ ⱪᵒ⁸כꜟ ᵑ⁸ ᵒ⁸ ᵓ─

ה  

   

  

 15ϴ NUMO 32 

 

U ⱪכꜟ  

U ⱪᵑכꜟ 1,500m  

13.7 ϴ/100m  

(220-15)/1500×100 13.7  

U ⱪᵒכꜟ  

1,500m ╕≢ 13.7 ϴ/100m 

1,500m 4.6 ϴ/100m 

(300-220)/(3232-1500)×

100=4.6  

 

1,500m ≢ 220 ϴ33 

U ⱪᵑכꜟ  

 

 

3,232m ≢ 300ϴ34 

U ⱪᵒכꜟ  

 

 

3,000m ╩ 300ϴ 

9.5 ϴ/100m  

(300-15)/3000×100 9.5  

 

─  4.217 kJ/kgK   

─  1,000 kg/m 3   

─◓fi◦כ◔  90 W/mK  ─  

─◓fi◦כ◔ ↕  0.01m  

─  1.3 W/mK  1.8 W/mK  ─ ─  35 

─  0.8 kJ/kgK  1.2 kJ/kgK  ─ ─ 35  

─  2,400 kg/m 3  2,300 kg/m 3  ─ ─ 35  

─  16  27  ─ ─ 35  

─  2E - 13 m 2 3E - 14 m 2 ─ ─ 35  

─  70 ϴ  

 

 

  

 
32 NUMO 2021 4-2 ≢ ⇔√ ─

 

https://scct.numo.or.jp/GeoCom2/faces/content/content10003526/content.xhtml  
33 ─꜠fi☺fi◓ ≤⇔≡  
34 ⌂ ≤⇔≡™╢꜠fi☺fi◓ ≤⇔≡  
35 NUMO 2021 3-13 ─  

https://scct.numo.or.jp/GeoCom2/faces/content/content10003476/content.xhtml  
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3.3.2  ⱪ꜡◓ꜝⱶ⌐╟╢◦Ⱶꜙ꜠כ◦ꜛfi  

(1)  

U ⱪכꜟ │⁸ ⅛╠ ↕╣√ 2 ─ ⅔╟┘ ≤⁸∕╣╠

─ ╩ ∆╢ ╕√│ ─ ꜝ♥ꜝꜟ ⅛╠⌂╢ ≢№╡⁸ ╩

╣╢ ↓↓≢│ ⅜ ╩ ⇔≡ ⅛╠ ╩ ∆╢⁹™∏╣─ U ⱪכꜟ

⌐⅔™≡╙ ⅔╟┘ │ ≢№╢⁹U │ⱪḎכꜟ U ─ ⱪכꜟ

╩ ╣╢ ╩ ∂≡ ⅛╠ ╩ ∆╢ ≢№╡⁸ ≢│ꜝ♥ꜝꜟ │

≤⇔≡⁸ ∂ ↕≢ 2 ⌐ ⇔√╙─≤⇔√⁹U ⱪᵑ⅔╟┘ Uכꜟ ꜝⱪᵒ│⁸כꜟ

♥ꜝꜟ ╩ ⌐ ↕∑≡ ╡√√╗╟℮⌂ ⌐∆╢↓≤≢ ─ ╩ ∫√

≢№╢⁹U ꜟꜝ♥ꜝ│ⱪᵑכꜟ ⅜ ⁸U ꜟꜝ♥ꜝ│ⱪᵒכꜟ ⅜ ⅛╠ 60°

⌐ ™√ ≢№╢⁹™∏╣─ ╙ꜝ♥ꜝꜟ ─ │ 12 ≢⁸ꜝ♥ꜝꜟ ╩

⅝╛ ↕─ ⇔™ ─ ≤⇔≡⸗♦ꜟ ⇔√⁹  

│⁸ ⌐ ↕╣√ ⌐ ╩ ↕∑≡ ╩ ℮

≢⁸™ↄ≈⅛─ ⅜ ↕╣≡™╢⁹ ᵑ│ ⅜ ⌐ ∆╢

≢№╢⁹ ≢ √↕╣√ ⌐ ╩ ⇔√ ≢│⁸ ᵒ│

─ ⅜ ⇔√╙─⁸ ᵓ│ ─ ⅜ ┼≤ ╣ ↑╢╙─≢

№╢⁹ │ ─ ⅛╠ ⇔≡ ⅛╠ ─⧵⁸≥☻כ◔╢∆ ⅝⌐ ↕

─☻כ◔╢∑ ╩ ≤⇔√⁹ ≢│⁸ ≡─ ⌐⅔↑╢ ╩

≤⇔√⁹  

╩ ⌐ ∆⁹ 

1) ⸗♦ꜟ─ U ⱪḎכꜟ ⌐ ∆╢ ─ ≤─ ╩  

2) ⅛╠ ╕≢─ ⌐≈™≡│⁸₈

─ ─℮∟ ─ ⅛╠ ─ ╕≢─ ₉≤ ╖ ⅎ╢  

3)  

4) ─ ה ⌐⅔↑╢ ─  

 

(2)  

1) ─  

NEDO ₈ ◦☻♥ⱶ─ ₉ 2020-2021 ⌐⅔™≡

⇔√ ⱪ꜡◓ꜝⱶ╩ ™≡ ╩ ⇔√⁹ ⱪ꜡◓ꜝⱶ≢ ™╢

⸗♦ꜟ─ ╩ ⌐ ═╢⁹  

 ─ ╣│ ⅛≈ 1 ⌐ ≢⅝╢╙─≤ ⅎ╢⁹U ⱪכꜟ ⌐⅔↑╢ꜝ

♥ꜝꜟ ─ ⌐≈™≡│ ⅜ ↕╣╢╙─≤⇔≡⁸ꜝ♥ꜝꜟ ─℮∟ 1 ─╖╩

∆╢⁹ ╩ ⅜ ≤⌂╢ ⌐ ∆╢≤⁸∕─ ─ ≤⇔≡⁸

│ 

‬”ό

‬ὼ
 π 

 
(3.3.2-1) 
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 3.3-3 ≤⇔√  

 

│ 

‬ὴ

‬ὼ

‬”όό

‬ὼ
Ὂ ”ὫÃÏÓ— (3.3.2-2) 

◄Ⱡꜟ◑כ │ 

‬”όὩ

‬ὼ

ὗ

ὥ
ὴ
‬ό

‬ὼ
 (3.3.2-3) 

≢ ↕╣╢36⁹↓↓≢ό│ ⁸ὼ│ ⌐ ℮ ↕⁸”│ ⁸ὴ│ ⁸Ὡ │

◄Ⱡꜟ◑⁸כὫ│ ⁸ÃÏÓ—│ ≤ ─ ⁸ὥ│

 
36 Cronshaw, M. B., Bolling, J. D. 1982 Numerical model of the non -

isothermal flow of carbon dioxide in wellbore, California regional SPE 

meeting, March 24, 1982, San Francisco.  
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≢№╢⁹╕√Ὂ│ ⁸ὗ│ ↕ √╡─ ≢№╡⁸ ⌐ ∆

⸗♦ꜟ╩ ™≡ ↕╣╢⁹ ⇔√ ─ ∆╢ ≢ ⅜ ∆╢╟℮⌐

╩ ↄ↓≤≢⁸ꜟכⱪ ─ ╩ ∆╢⁹ ⌂ ≤ ─

⌐≈™≡│⁸NIST ─ ⌐37☻כⱬ♃כ♦ ≠™≡ ⅎ√⁹ ╛ ─

⸗♦ꜟ│ ⌐ ∆╢⁹  3.3-4 ⌐ ≢ ℮ ╩ ∆⁹U ⱪכꜟ ─

╕√│ ⌐⅔↑╢ ╙ ─ │ ╩Ὀ≤∆╢ ≢№╡⁸

∕╣ ─ │ 2 ≈─ ╩Ὀ≤Ὀ≤⇔⁸Ὀ Ὀ≤∆╢ ⌐╟╢ ≤

⌂╢⁹ 

 

 3.3-4  ⅔╟┘  

 

 ⌐≈™≡│⁸ ≢ ⅎ╢38⁹ 

Ὂ
ρ

ς
”ό

‗

Ὀ
 (3.3.2-4) 

↓↓≢Ὀ│ ≢№╡⁸ ≢│Ὀ Ὀ⁸ ≢│Ὀ Ὀ Ὀ≢№╢⁹╕

√‗│ ≢№╢⁹ ≢│ ╠⅛⌂ ─⸗♦ꜟ 38  

‗ πȢχωÌÎ2Åᶻ ρȢφτ  (3.3.2-5) 

⅔╟┘ ™ ─⸗♦ꜟ 38,  39 

‗ ςÌÏÇ
Ὀ

‏
ρȢρσψ  (3.3.2-6) 

⌐ ≠⅝ 

‗ ÍÁØ ‗ȟ‗ ȟ (3.3.2-7) 

╩ ⅎ√⁹↓↓≢2Åᶻ ”όὈ‰Ⱦ‘│ ꜠▬ⱡꜟ☼ │‏⁸ ⁸‘│ ≢№╡⁸

‰│ ≢│ 1⁸ ≢│ὶz ὈȾὈ╩ ™≡ ≢ ⅎ╠╣╢ ≢№╢⁹  

‰
ρ ὶz

ρ ὶz

ρ

ÌÎ ὶz
 (3.3.2-8) 

 ⌐⅔↑╢⁸ ╩ ⇔√ ─ ⌐≈™≡│⁸ ─ ⅔

╟┘ ╩ὶ⅔╟┘Ὤ ⁸ ─ ⅔╟┘ ╩ὶ ⅔╟┘Ὤ ⁸ ─

╩Ὧ≤∆╢≤⁸ ⌐⅔↑╢ ↕ √╡─ │  

ὗ ς“
ρ

ὶὬ

ÌÎὶ Ⱦὶ

Ὧ

ρ

ὶ Ὤ
 Ὕ Ὕ  (3.3.2-9) 

 
37 NIST ⱱכⱶⱭכ☺ https://www.nist.gov/srd/refprop  
38 2014  DVD -ROM  ɖ4 , . 
ה 39 2006  ─ ╣─ ≤꜠

▬ⱡꜟ☼ ≤─ , ≤ , 122 , 451-455. 
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≤⌂╢⁹↓↓≢Ὕ ⁸Ὕ│∕╣∙╣ ⁸ ─ ≢№╡⁸ ⌐⅔

™≡│ (3.3.2-9)─ Ὕ Ὕ ╩ Ὕ Ὕ ≢ ⅝ ⅎ╢⁹ ─ Ὤ⌐ ⇔≡│⁸

≢│  

ὬὈ

Ὧ

‗Ⱦψ 2Åᶻ ρπππ0Ò

ρ ρςȢχ‗Ⱦψ0ÒȾ ρ
 (3.3.2-10) 

─ ≢│  

ὬὈ

Ὧ
πȢπρωὶz Ȣ2ÅȢ0ÒȢ  (3.3.2-11) 

─ ≢│  

ὬὈ

Ὧ
πȢπρωρ

ρ Ѝὶz

χ
2ÅȢ0ÒȢ (3.3.2-12) 

─⸗♦ꜟ⌐ ≠™≡ ⅎ√40⁹↓↓≢2Å ”όὈȾ‘⁸Ὧ│ ─ ⁸0Ò│ⱪꜝfi♩ꜟ

≢№╢⁹ 

2) - ─  

- ─ ╩ ∆╢⌐№√∫≡│⁸ ─ ─ ⅜ ≤⌂

╢⁹ ≢│⁸ ⌐ ℮ ╟╡╙ ⌐ ⌂ ⌐⅔™≡ ⅜ ⅝

™≤ ⅎ╠╣╢√╘⁸ ⌐ ⌂ ⌐⅔↑╢ ─ ╩ ∆╢↓≤≤

⇔√⁹↓↓≢ ⌐⅔™≡ ╣│ ∂⌂™╙─≤⇔√⁹╕√ ─ ⌐

═≡ ─ ─ │ ≢⅝╢╙─≤⇔√41⁹ ⌐ ⅜∫√ ─⁸

╕╦╡─ ⌂ ╩ ⇔√⁹ ─ ╩Ὕ⁸

⌐ ⇔√ ─ ╩Ὕ≤⇔≡⁸ ή ὗȾ“Ὀ╕√│

ὗȾ“Ὀ ─⸗♦ꜟ╩  

ή ὃὝ Ὕ (3.3.2-13) 

─ ≢ ὃ╩ ™≡ ⅎ╢↓≤≤⇔√⁹  

 3.3-5 ⌐ ╩ ∆╟℮⌐⁸ ⌐ ─ ≤≤╙⌐ ─ │ ₁

⌐ ⌐ ≠ↄ√╘⁸ ≢─ ⅜ ⇔⁸ ⌐

ή│ ⇔≡╝ↄ⁹ ⅜ ⌐ ╓∆ │⁸ (3.3.2-13)⌐⅔™≡

ὃ─ ὃὸ≤⇔≡ ╣╢⁹↓↓≢Ὕ⅜ ⅛≈ ─ ⅜Ὕ≤ ∆╢

↓≤≢⁸ὃὸ│ ─ ⌐ ∆╢⅜⁸Ὕ╛Ὕ─ ≤│ ⌐⌂╢⁹∕↓≢↓─

⌐ ≠™≡ ⌐ ∂√ ὃὸ╩ ╘ ╘≡⅔⅝⁸ ⌂╢ ↔≤⌐

(3.3.2-13)╩ ™≡ ╩ ⇔√ ╩≈⌂→╢↓≤≢⁸ ─

╩ ⇔√⁹ ⌐⅔™≡│⁸ὃὸ│ ⌐ ∆╢Ɽꜝⱷ⁸╡⌂≥♃כὝ

│ ⅛╠ ⅎ╠╣⁸Ὕ│ ≢│⌂ↄ ὴ≤ ◄Ⱡꜟ◑כὩ─ ≤⇔≡

╦╣╢⁹ 

⌂⅔ ─ ─ ⌐⅔™≡⁸ ≤ ◓fi◦כ◔╢∆ ╙ ─ ≤⇔≡

╩ ∆╢⁹ ᵒ⅔╟┘ ᵓ≢│⁸ ─ ⅜№╡⁸

│ ≢ √↕╣≡™╢⁹↓─℮∟ ᵒ≢│⁸ ─ ⁸ ─ ⁸

 
40 , DVD -ROM  ɖ5 , 2014, . 
41 Ramey, J r . H.J. 1962 Wellbore Heat Transmission. Journal of Petroleum 

Technology Tra nsactions, Vol.225, 427 -435. 
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│◓fi◦כ◔─ ─ ⌂╢ ─ ≤⇔≡ ℮⁹ ᵓ≢│

│≡™≈⌐◓fi◦כ◔─ ─ ≤⇔≡ ℮⅜⁸ │ ⅛╠ ⅜ ∆╢

≤⇔≡ (3.3.2-1)-(3.3.2-3)─ ╩ ∆╢⁹  

 

 3.3-5 ⌐ ⌂ ⌐⅔↑╢ ─  

↓↓≢│Ὕ⅜ ⅛≈ ─ ⅜Ὕ≤ ⇔√⁹  

 

(3)  

─ ┘╟⅔◓fi◦כ◔⁸ ╩ ─ ≤⇔≡ ℮ ─ ⁸ ─

⌐≈™≡⁸ 3.3-5 3.3-7 ⌐╕≤╘╢⁹ ─ Rock0│ U ─ⱪḎכꜟ

╩ ⇔√ 42≢ ™╠╣√╙─≢№╡⁸Rock1⅔╟┘ Rock2│∕╣∙╣

⅔╟┘ ╩ ⇔√╙─≢№╢ 3.3.1(2)2 ⁹ │ U

≥ⱪᵑכꜟ U ≢ⱪᵒכꜟ ⁸╕√ ⌐⅔™≡ ─ ╩ ⅎ√⁹╕√

─ ╛ ⌂≥─ ⌐≈™≡⁸ 3.3-8 3.3-10 ⌐╕

≤╘╢⁹ 

 

  

 
42 TNO 2021 Eavor Loop Audit Report, TNO report TNO 2019 R11549 

(update 21 -05-2021). 
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3.3-5 ─  

 

 

 

┘╟⅔◓fi◦כ◔ 3.3-6 ╩ ─ ≤⇔≡ ℮ ─  

 

 

3.3-7 ─  
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3.3-8 U ─ⱪḎכꜟ  

 

 

 

3.3-9 U ┘╟⅔ⱪᵑכꜟ U ─ⱪᵒכꜟ  
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3.3-10 ᵑ⁸ ᵒ⁸ ᵓ─  

 

(4)  

≢│⁸ ─ ⌐ ≠™≡⁸ ⌐ ∆╢ ╩ ∆⁹  

1) ⸗♦ꜟ─  

⸗♦ꜟ─ ≤⇔≡⁸U ⌐ⱪḎכꜟ ∆╢ ─ ≤⁸ ─

≤─ ╩ ℮⁹ ─√╘⁸U ─ⱪḎכꜟ 3.3-8 ⌐≈™≡│

43⌐ ≠™≡ ⅎ√⁹ │♃כ♦╢⌂≥ 42,43⌐ ↕╣≡™╢ ⅔╟┘

⅛╠ ╠╣√ ⅔╟┘ ─ ≢№╢⁹  

 3.3-6 ⌐ U ⌐ⱪḎכꜟ ∆╢ ─ ⅔╟┘ ─ 43≤⁸ ─

╩ ⌡≡ⱪ꜡♇♩⇔≡™╢⁹  3.3-7 ⌐ ∆╟℮⌐⁸ ≢│◦☻♥ⱶ─

╩ ╗ ─ ⅜№╡⁸ ─ ╙∕─ ╩ ⇔≡™╢─⌐ ⇔≡⁸

≢│ ⌐⅔↑╢ ⌂ ⅔╟┘ ╩ ─ ≤⇔≡ ⅎ

 
43 Beckers, F., Johnston, E. 2022  Techno-Economic Performance of Eavor -

Loop 2.0 PROCEEDINGS,  47th Workshop on Geothermal Reservoir 

Engineering, February 7 -9, 2022, Stanford University, Stanford, California.  
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≡™╢⁹↓─╟℮⌐ ─ ™│№╢╙──⁸ ╛ ─

⌐≈™≡⁸ ─ │⁸ ⌡ ─ ≤ ⇔√⁹ ⌐

⇔≡│⁸ ─ │ ≤╙ ⌡ ⇔√⁹ ─

│ ⅜ ⅝™╙──⁸ ⇔≡™╢≤ ⅎ╠╣╢ 1.2 ─ ⌐

⅔™≡ ≤ ⌐ ∆╢ ⅜╖╠╣≡⅔╡⁸↓─ │ ─ ⌐

⅔™≡╙ ≢⅝≡™╢⁹ ─ ╟╡⁸ ─ ⸗♦ꜟ│ ≤ ⇔√⁹  

─ ⌐≈™≡│  3.3-8 ⌐ ∆⁹ 

 

 

 3.3-6 U ─ⱪḎכꜟ (a) ⁸(b)  

Present│ ─ ⁸Beckers│ 43─ ⁸M easured│

43 ⁸ i nlet│ ⁸outlet│ ╩ ⇔⁸ I nlet for Simulation│

⅔╟┘ 43─ ≢ ≤⇔≡ ⅎ√ ─ ⁹  

 

 

 3.3-7 U ─ⱪḎכꜟ (a) ⁸(b)  

Present│ ─ ⁸Beckers│ 43─ ⌐⅔↑╢ ⁸  

M easured│ ─ 43 ╩ ∆⁹ 43─ ╩ ⇔√⁹  
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 3.3-8 U ─ⱪḎכꜟ ─ 1.5  

 

2) ⅛╠ ╕≢─  

│⁸ U ╢↑⅔⌐ⱪכꜟ ≤ ─ ⁸№╢™│ ─℮

∟ ≤ ─ ─ ◄fi♃ꜟⱧ ⌐ ╩ ∂√ ≢ ∆╢⁹  3.3-9 ⌐⁸U

ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─ ─ ╩ ∆⁹™

∏╣─ ⌐⅔™≡╙⁸ │ ─ ≤ ⌐ ∆╢ ╩ √⁹U ⅔ⱪᵑכꜟ

╟┘ U ⌐ⱪᵒכꜟ ⇔≡│⁸ │ Rock1╟╡╙ Rock2─ ⌐⅔™≡ ⅝ↄ

⌂╡⁸╕√ ─ ⌐≈╣≡ ⅝ↄ⌂╢↓≤⅜ ⅛∫√⁹  

 3.3-10 ⌐ ᵑ⁸ ᵒ⁸ ᵓ ─

─ ╩ ∆⁹™∏╣─ ⌐⅔™≡╙⁸ ─ ╩ ≤⇔√╒℮⅜

⅜ ⅝ↄ⌂╢ ╩ √⁹ ᵑ⅔╟┘ ᵒ⌐≈™≡│⁸╒≤╪≥

─ ≢ ⅜ ─ ≤≤╙⌐ ∆╢ ╩ √⁹ ≤⇔≡⁸ ─

╩ ⁸ ╩ 5t/h⁸ ╩ Rock2≤⇔√≤⅝│⁸ ⅜ 1 ─ ≢⁸

─ ≤ ⌐ ⅜ ⇔⁸ Rock1 ─╒℮⅜ ⅜ ⅝ↄ⌂∫√⁹

ᵓ⌐≈™≡│ ≡─ ⌐⅔™≡⁸ ⌐ 1 ⌐⅔™≡⁸

⅜ ─ ≤ ⌐ ∆╢ ⅜ ╠╣√⁹  

 3.3-11  3.3-14 ⌐⁸ ◄fi♃ꜟⱧ ≤ ⇔⁸╕√ ╛

⌐ ∆╢ U ⱪכꜟ ⁸ ⅔╟

┘ ╩ ∆⁹  3.3-11 ⅔╟┘  3.3-12 ⌐≈™≡│⁸≥─ ⌐

⅔™≡╙ ⌐ ℮ │ ≤ ≢№∫√⁹U ⱪכꜟ ─

 3.3-13 ⌐≈™≡│⁸ ≡─ ⌐⅔™≡ ─ ≤⌂∫≡⅔╡⁸ ─ ⌐

⇔≡ ⅜ ≤™℮↓≤╩ ⇔≡™╢⁹√∞⇔⁸ ─ ⌐ ╕╣≡™⌂™

─ ⌐≈™≡⁸ ∆╢ ⅜№╢⁹ ─  
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3.3-14 ⌐≈™≡│⁸ ─ ╩ ∆ ╙ ╠╣√⁹  

3)  

─ │ (3.3.2-2)⌐⅔↑╢ Ὂ╩ ⌐ ∫≡ ⅛╠ ╕≢

⇔√ ≢ ∆╢⁹  3.3-15⅔╟┘  3.3-16⌐⁸U ⱪכꜟ ⅔╟┘

─ ─ ╩∕╣∙╣ ∆⁹™∏╣─ ⌐⅔™≡╙⁸ ⌐╟╢

─ │╦∏⅛≢№∫√⁹╕√ U ⱪḎכꜟ  3.3-15(a) ╩ ↄ ≡─ ⌐⅔™

≡⁸ ⌐ ∆╢ ─ │╦∏⅛≢№╡⁸╕√ ─ ⌐≈╣≡

⅜ ∆╢ ╩ √⁹ 

4) ─  

─ ⁸ ⁸ ╩  3.3-17  3.3-32 ⌐ ∆⁹™∏╣╙⁸

│ Rock1 ⁸ │ ⅔╟┘ ⁸☻כ◔─ │ 6MPa⁸

30 ─ ≢№╢⁹↓╣╠─ ╟╡⁸ ─ ╛ ─ ⌐ ℮ │

∂⌂™↓≤╩ ⇔√⁹ 

 

 

 3.3-9 U ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─  

 



 

- 60 - 

 

 

 3.3-10 ᵑ⁸ ᵒ⁸ ᵓ ─  

 

outer │ ╩ ⁸☻כ◔√⇔≥ i nner │ ╩ ╩☻כ◔√⇔≥ ∆⁹  



 

- 61 - 

 

 

 

 3.3-11 U ⱪכꜟ U ⱪḎ⁸Uכꜟ ⱪᵑ⁸Uכꜟ ⱪᵒכꜟ ─  

 

 

 



 

- 62 - 

 

 3.3-12 ᵑ⁸ ᵒ⁸ ᵓ ─

 

outer │ ╩ ⁸☻כ◔√⇔≥ i nner │ ╩ ╩☻כ◔√⇔≥ ∆⁹  

 




































































































































































































































































































































































































































































