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ȈĲȠ ıțȓĲıȠ ĲȘȢ ʌȡȠȘȖȠȪȝİȞȘȢ ıİȜȓįĮȢ ĳĮȓȞİĲĮȚ Ș ıȒȡĮȖȖĮ ĲȠȣ ȉȐȝİıȘ (Thames Tunnel) 
ʌȠȣ țĮĲĮıțİȣȐıșȘțİ Įʌȩ ĲȠȞ Marc Brunel ȝİĲĮȟȪ ĲȠȣ 1825 țĮȚ 1843 țĮȚ ȒĲĮȞ 
ʌĮȖțȠıȝȓȦȢ Ș ʌȡȫĲȘ ıȒȡĮȖȖĮ ʌȠȣ įȚȑıȤȚȗİ ʌȠĲȐȝȚ ĮȜȜȐ țĮȚ Ș ʌȡȫĲȘ İĳĮȡȝȠȖȒ ĲȘȢ 
ȝİșȩįȠȣ įȚȐȞȠȚȟȘȢ ĲȘȢ «ĮıʌȓįȠȢ». Ǿ ıȒȡĮȖȖĮ ȝȒțȠȣȢ ʌİȡȓʌȠȣ 400 m ȕȡȓıțİĲĮȚ ȝİĲĮȟȪ 
ĲȠȣ Wapping ıĲȘȞ ȕȩȡİȚĮ ȩȤșȘ ĲȠȣ ʌȠĲĮȝȠȪ  TȐȝİıȘ țĮȚ ĲȠȣ Rotherhithe ıĲȘȞ ȞȩĲȚĮ 
ȩȤșȘ ıĲȠ ǹȞĮĲȠȜȚțȩ ȁȠȞįȓȞȠ. ǹȡȤȚțȐ Ș ıȒȡĮȖȖĮ İȓȤİ ıȤİįȚĮıșİȓ ȖȚĮ ĲĮ ȐȜȠȖĮ țĮȚ ʌİȗȠȪȢ 
İȞȫ ıȒȝİȡĮ ĮʌȠĲİȜİȓ ĲȝȒȝĮ ĲȠȣ ȣʌȠȖİȓȠȣ ıȚįȘȡȠįȡȩȝȠȣ ĲȠȣ ȁȠȞįȓȞȠȣ (LUL). 
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ȆȡȩȜȠȖȠȢ 
 

ȅ ıțȠʌȩȢ ıȣȖȖȡĮĳȒȢ İȞȩȢ ȞȑȠȣ ȕȚȕȜȓȠȣ İȓȞĮȚ ȞĮ ıȣȝʌȜȘȡȫıİȚ ȑȞĮ țİȞȩ ıĲȘȞ ȣʌȐȡ-
ȤȠȣıĮ ȕȚȕȜȚȠȖȡĮĳȓĮ. Ǿ ʌĮȡȠȪıĮ ȂȠȞȠȖȡĮĳȓĮ ȑȖȚȞİ ȖȚĮĲȓ Įʌȩ ĲȘȞ įİțĮİĲȓĮ ĲȠȣ ‘80 țĮȚ 
ĲȚȢ ĮȡȤȑȢ ĲȘȢ įİțĮİĲȓĮȢ ĲȠȣ ’90 ȑȦȢ ıȒȝİȡĮ ȑȖȚȞĮȞ įȚȐĳȠȡİȢ ıȘȝĮȞĲȚțȑȢ ĮȜȜĮȖȑȢ ʌȠȣ 
țĮĲȐ ĲȠ ʌȜİȓıĲȠȞ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıİ įȚİșȞȒ İʌȚıĲȘȝȠȞȚțȐ ʌİȡȚȠįȚțȐ, ȩʌȦȢ: 

 
1. ȈĲĮįȚĮțȒ İĳĮȡȝȠȖȒ țĮĲȐ ĲȠ ȈȤİįȚĮıȝȩ ȊʌȠȖİȓȦȞ ǼȡȖȦȞ ıİ ȩȜȠ țĮȚ ȝİȖĮȜȪĲİȡȠ 

ȕĮșȝȩ, ĲȘȢ İʌȚıĲȒȝȘȢ ĲȘȢ ȂȘȤĮȞȚțȒȢ ĲȠȣ ȈȣȞİȤȠȪȢ țĮȚ ĲȠȣ ǹıȣȞİȤȠȪȢ ȂȑıȠȣ ȝİ 
ĮȞĲȓıĲȠȚȤȘ ȝİȓȦıȘ ĲȠȣ ʌİįȓȠȣ İĳĮȡȝȠȖȒȢ ĲȦȞ İȝʌİȚȡȚțȫȞ țĮȚ įȚĮȚıșȘĲȚțȫȞ 
ȝİșȠįȠȜȠȖȚȫȞ. ǼȝĳĮıȘ įȘȜĮįȒ ıĲȚȢ İʌȚıĲȘȝȠȞȚțȑȢ İțİȓȞİȢ ȝİșȩįȠȣȢ ʌȠȣ ȝʌȠȡȠȪȞ 
ȞĮ İĳĮȡȝȠıșȠȪȞ ıĲȠ ıȤİįȚĮıȝȩ ĲȦȞ ȣʌȠȖİȓȦȞ ȑȡȖȦȞ. 

2. ȈȘȝĮȞĲȚțȑȢ ʌȡȩȠįȠȚ ĲȘȢ İĳĮȡȝȠȖȒȢ ĲȦȞ ȣʌȠȜȠȖȚıĲȚțȫȞ ȝİșȩįȦȞ ıĲȘ īİȦȝȘȤĮȞȚțȒ 
(ʌȠȚțȚȜȓĮ İȝʌȠȡȚțȫȞ ȣʌȠȜȠȖȚıĲȚțȫȞ ʌĮțȑĲȦȞ ȩʌȦȢ ĲȠ FLAC, PLAXIS, ABAQUS 
ț.Ȝʌ.) ȝİ ĲĮȣĲȩȤȡȠȞȘ ȝİȖȐȜȘ įȚȐįȠıȘ, ȝİȓȦıȘ ĲȠȣ țȩıĲȠȣȢ țĮȚ ĮȪȟȘıȘ ȝȞȒȝȘȢ țĮȚ 
ĲĮȤȪĲȘĲĮȢ ĲȦȞ ʌȡȠıȦʌȚțȫȞ ȣʌȠȜȠȖȚıĲȫȞ.  

3. Ǿ ĮȞĮȖȞȫȡȚıȘ įȚİșȞȫȢ ĲȘȢ ıȘȡĮȖȖȠʌȠȚȓĮȢ (tunneling, tunnelbau) ȦȢ ȟİȤȦȡȚıĲȠȪ 
țȜȐįȠȣ ĲȘȢ MȘȤĮȞȚțȒȢ. 

4. Ǿ ĮȞȐȖțȘ ȖȚĮ ĲȣʌȠʌȠȓȘıȘ țĮȚ İȞĮȡȝȩȞȘıȘ ıĲȘȞ ǼȣȡȦʌĮȧțȒ ǼȞȦıȘ ĲȦȞ ȝİșȩįȦȞ 
ĮȞȐȜȣıȘȢ ĲȦȞ ȖİȦĲİȤȞȚțȫȞ ȑȡȖȦȞ (șİȝİȜȚȫıİȚȢ, ȣʌĮȓșȡȚİȢ - ȣʌȩȖİȚİȢ İțıțĮĳȑȢ) țĮȚ 
İĳĮȡȝȠȖȒ ıİ ĲȡȓĮ ȤȡȩȞȚĮ Įʌȩ ĲȫȡĮ ĲȠȣ ǼȣȡȦțȫįȚțĮ 7 (Ǽurocode 7, EC7, 1997). 

5. ǹȞȐȖțȘ ȖȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ țȜİȚıĲȫȞ ĮȞĮȜȣĲȚțȫȞ Ȓ ȘȝȚ-ĮȞĮȜȣĲȚțȫȞ ȜȪıİȦȞ ıİ ʌȠȜ-
ȜȐ ʌȡȠȕȜȒȝĮĲĮ ĲȘȢ īİȦȝȘȤĮȞȚțȒȢ. 

 
ǼȚıĮȖȦȖȒ 
 

ȅ ıȤİįȚĮıȝȩȢ ĲȦȞ ȣʌȠȖİȓȦȞ ȑȡȖȦȞ țĮȚ ĲȦȞ ıȘȡȐȖȖȦȞ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ȝİ įȚĮĳȠȡİĲȚ-
țȑȢ ʌȡȠıİȖȖȓıİȚȢ, ȩʌȦȢ İȓȞĮȚ: 

 
1. Ȃİ ĲȘȞ įȚĮȚıșȘĲȚțȒ ȝȑșȠįȠ țĮĲȐ ĲȘȞ ȠʌȠȓĮ Ƞ ȝȘȤĮȞȚțȩȢ İȟİĲȐȗİȚ İʌȓ ĲȩʌȠȣ ĲȚȢ ȖİȦ-

ȜȠȖȚțȑȢ, ĲİțĲȠȞȚțȑȢ, ȣįȡȠȖİȦȜȠȖȚțȑȢ țĮȚ ȖİȦĲİȤȞȚțȑȢ ıȣȞșȒțİȢ, țĮȡȩĲĮ ȖİȦĲȡȒ-
ıİȦȞ țĮȚ ĮʌȠĲȣʌȫıİȚȢ ĲȦȞ ĮıȣȞİȤİȚȫȞ țĮȚ ʌȡȠĲİȓȞİȚ ĲȠ ĲȡȩʌȠ İȟȩȡȣȟȘȢ, ĲȘ įȚĮıĲĮ-
ıȚȠȜȩȖȘıȘ ĲȘȢ ıȒȡĮȖȖȠȢ țĮȚ ĲȘȞ İʌȚȜȠȖȒ țĮȚ įȚĮıĲĮıȚȠȜȩȖȘıȘ ĲȦȞ ȝȑĲȡȦȞ ȣʌȠ-
ıĲȒȡȚȟȘȢ (țȠȤȜȓİȢ, ʌȐȤȠȢ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ ț.Ȝʌ.) 

2. Ȃİ ĲȘȞ İȝʌİȚȡȚțȒ ȝȑșȠįȠ ĮțȠȜȠȣșȫȞĲĮȢ țȐʌȠȚȠ ıȪıĲȘȝĮ (İȝʌİȚȡȚțȩ) ȖİȦȝȘȤĮȞȚ-
țȒȢ ĲĮȟȚȞȩȝȘıȘȢ ĲȦȞ İįĮĳȠȕȡĮȤȠȝĮȗȫȞ (ȕȜ. ȀİĳȐȜĮȚȠ 2) țĮȚ İȝʌİȚȡȚțȐ ȞȠȝȠȖȡȐȝ-
ȝĮĲĮ, ʌȓȞĮțİȢ Ȓ ĲȪʌȠȣȢ. 

3. Ȃİ ĲȘȞ İʌȚıĲȘȝȠȞȚțȒ ȝİșȠįȠȜȠȖȓĮ ʌȠȣ ȕĮıȓȗİĲĮȚ ĮĳİȞȩȢ ȝİȞ ıİ İʌȓ ĲȩʌȠȣ ȝİĲȡȒ-
ıİȚȢ ĲȦȞ ĲȐıİȦȞ Ȓ/țĮȚ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ țĮȚ İȡȖĮıĲȘȡȚĮțȑȢ ʌİȚȡĮȝĮĲȚțȑȢ ȝİĲȡȒ-
ıİȚȢ ĲȘȢ ǼįĮĳȠȝȘȤĮȞȚțȒȢ țĮȚ ĲȘȢ ǺȡĮȤȠȝȘȤĮȞȚțȒȢ, ĮĳİĲȑȡȠȣ įİ ıİ țĮĲĮıĲĮĲȚțȠȪȢ 
ȞȩȝȠȣȢ ĲȘȢ ȝȘȤĮȞȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȦȞ ȖİȦȨȜȚțȫȞ țĮȚ ıİ șİȝİȜȚȫįİȚȢ İȟȚıȫıİȚȢ 
ĲȘȢ ȂȘȤĮȞȚțȒȢ (Ȝ.Ȥ. ȞȩȝȠȚ įȚĮĲȒȡȘıȘȢ ȠȡȝȒȢ țĮȚ ıĲȡȠĳȠȡȝȒȢ, ȞȩȝȠȢ įȚĮĲȒȡȘıȘȢ 
ȝȐȗĮȢ țĮȚ İȞȑȡȖİȚĮȢ). ȀĮĲȐ ĲȘȞ İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ ĮȣĲȒȢ ıȣȞȒșȦȢ ȖȓȞİĲĮȚ Ș 
ʌĮȡĮįȠȤȒ ĲȘȢ ıȣȞȑȤİȚĮȢ ĲȠȣ ȖİȦȜȠȖȚțȠȪ ȝȑıȠȣ (șİȦȡȓĮ ĲȘȢ «ȂȘȤĮȞȚțȒȢ ĲȠȣ 
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ȈȣȞİȤȠȪȢ ȂȑıȠȣ») țĮȚ Ș ȝȘȤĮȞȚțȒ ĮȞȐȜȣıȘ ȝİ ĲȘ ȤȡȒıȘ ȣʌȠȜȠȖȚıĲȚțȫȞ ʌȡȠȖȡĮȝ-
ȝȐĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ Ȓ ıȣȞȠȡȚțĮțȫȞ ıĲȠȚȤİȓȦȞ.  
 
ȁȩȖȦ ĲȘȢ ʌȠȜȪʌȜȠțȘȢ ĳȪıȘȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ ĲȦȞ țȠıĲȠȜȠȖȚțȫȞ-ȤȡȠȞȚțȫȞ 

ʌİȡȚȠȡȚıȝȫȞ ĮȜȜȐ țĮȚ ĲȘȢ ĮțȡȓȕİȚĮȢ ʌȠȣ ĮʌĮȚĲİȓĲĮȚ ıĲȠ ıȤİįȚĮıȝȩ İȞȩȢ ȣʌȩȖİȚȠȣ ȑȡ-
ȖȠȣ ıʌȐȞȚĮ İĳĮȡȝȩȗİĲĮȚ ȟİȤȦȡȚıĲȐ ȝȓĮ ȝȑșȠįȠȢ İț ĲȦȞ ʌĮȡĮʌȐȞȦ. ȈȣȞȒșȦȢ Ș ȝİșȠ-
įȠȜȠȖȓĮ ıȤİįȚĮıȝȠȪ ʌİȡȚȜĮȝȕȐȞİȚ țĮȚ ĲȚȢ ĲȡİȓȢ ȝİșȩįȠȣȢ. ȆĮȡȩȜĮȣĲĮ Ș ȖİȞȓțİȣıȘ țĮȚ 
Ș ʌȡȠȫșȘıȘ ĲȘȢ ȝȘȤĮȞȚțȒȢ ĲȦȞ ȣʌȠȖİȓȦȞ ȑȡȖȦȞ țĮȚ ĲȦȞ ıȘȡȐȖȖȦȞ įİȞ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ 
ȤȦȡȓȢ ĲȘȞ ĲȡȓĲȘ ȝȑșȠįȠ. ȆȡȑʌİȚ ȩȝȦȢ ȞĮ ȖȓȞİȚ țĮĲĮȞȠȘĲȩ ȩĲȚ Ș ȝȘ-țȡȚĲȚțȒ İĳĮȡȝȠȖȒ 
ĲȦȞ İȝʌȠȡȚțȫȞ ıȣȞȒșȦȢ ȣʌȠȜȠȖȚıĲȚțȫȞ ʌȡȠȖȡĮȝȝȐĲȦȞ ȝȘȤĮȞȚțȒȢ ĮȞȐȜȣıȘȢ ȝʌȠȡİȓ ȞĮ 
ȠįȘȖȒıİȚ ıİ ĮȞĮıĳĮȜȒ ĮʌȠĲİȜȑıȝĮĲĮ ȖȚ’ĮȣĲȩ țĮȚ ʌȡȑʌİȚ ȞĮ įȓȞİĲĮȚ ȑȝĳĮıȘ ıĲȘȞ 
ʌĮȡĮȖȦȖȒ țĮȚ ȤȡȒıȘ ĮȞĮȜȣĲȚțȫȞ ȜȪıİȦȞ. ȅȚ ĮȞĮȜȣĲȚțȑȢ ȜȪıİȚȢ įȓȞȠȣȞ ĲȘȞ ıȤİĲȚțȒ 
İʌȓįȡĮıȘ ĲȦȞ ʌȠȚȩ ıȘȝĮȞĲȚțȫȞ ʌĮȡĮȝȑĲȡȦȞ țĮȚ ĲȦȞ ȝȘȤĮȞȚıȝȫȞ ʌȠȣ ȣʌİȚıȑȡȤȠȞĲĮȚ 
ıĲȘ ȝȘȤĮȞȚțȒ ĮȞȐȜȣıȘ İȞȩȢ ȣʌȩȖİȚȠȣ ȑȡȖȠȣ țĮȚ ȝʌȠȡȠȪȞ ȞĮ ȤȡȘıȚȝʌȠʌȠȚȘșȠȪȞ ȖȚĮ ĲȠȞ 
ȑȜİȖȤȠ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ĲȦȞ ȣʌȠȜȠȖȚıĲȚțȫȞ ȝȠȞĲȑȜȦȞ. 

Ǿ șİȫȡȘıȘ ĲȠȣ ȖİȦȜȠȖȚțȠȪ ıȤȘȝĮĲȚıȝȠȪ ȦȢ ıȣȞİȤȠȪȢ ȝȑıȠȣ İȓȞĮȚ ĮȞĮȖțĮȓĮ ȜȩȖȦ 
ĲȘȢ ʌȠȜȣʌȜȠțȩĲȘĲĮȢ ʌȠȣ ʌȡȠȑȡȤİĲĮȚ Įʌȩ ĲȠȣȢ İȟȒȢ ʌĮȡȐȖȠȞĲİȢ: 

 
x ȉȡȚıįȚȐıĲĮĲȘ ĳȪıȘ ĲȠȣ İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȠȪ ʌİįȓȠȣ ʌȑȡȚȟ ĲȘȢ ıȒȡĮȖȖȠȢ. 
x ȆȠȜȪʌȜȠțȘ ıȣȝʌİȡȚĳȠȡȐ ĲȦȞ ȖİȦȜȠȖȚțȫȞ ȣȜȚțȫȞ (ĮȞȚıȠĲȡȠʌȓĮ, ȝȘ-ȖȡĮȝȝȚțȩĲȘĲĮ, 

ʌȜĮıĲȚțȒ įȚĮȡȡȠȒ, ȝȩȞȚȝİȢ ʌĮȡĮȝȠȡĳȫıİȚȢ, ȣıĲȑȡȘıȘ, İȡʌȣıȝȩȢ, ĮıȣȞȑȤİȚİȢ 
ț.Ȝʌ.). 

x ȉȠʌȚțȑȢ ȝİĲĮȕȠȜȑȢ (ʌȠȜȜȑȢ ĳȠȡȑȢ ȑȞĲȠȞİȢ) ĲȦȞ ȚįȚȠĲȒĲȦȞ ĲȦȞ ȖİȦȜȠȖȚțȫȞ ȣȜȚțȫȞ. 
 
ȀȐʌȠȚȠȢ șĮ ȝʌȠȡȠȪıİ ȞĮ ȡȦĲȒıİȚ ĮȞ İȓȞĮȚ ıțȩʌȚȝȠ țĮȚ ȡİĮȜȚıĲȚțȩ ȞĮ ȖȓȞȠȣȞ ȝȠȞĲȑ-

ȜĮ1 ȈȣȞİȤȠȪȢ ȂȑıȠȣ ʌȠȣ șĮ ʌȡȠıȠȝȠȚȫȞȠȣȞ ʌȠȜȪʌȜȠțĮ ȖİȦʌİȡȚȕȐȜȜȠȞĲĮ. Ǿ ĮʌȐȞĲȘ-
ıȘ İȓȞĮȚ ȩĲȚ ʌȡȑʌİȚ ȞĮ ȖȓȞȠȣȞ ȖȚĮĲȓ:  

 
1. ȉĮ ȝȠȞĲȑȜĮ įİȞ ĮȞĮʌĮȡȚıĲȠȪȞ ĲȘȞ ʌȡĮȖȝĮĲȚțȩĲȘĲĮ ĮȜȜȐ įȓȞȠȣȞ ĲĮ ȕĮıȚțȐ ȤĮȡĮ-

țĲȘȡȚıĲȚțȐ ĲȘȢ ȝİȜİĲȠȪȝİȞȘȢ įȚĮįȚțĮıȓĮȢ ʌȠȣ ʌĮȓȗȠȣȞ ıȘȝĮȞĲȚțȩ ȡȩȜȠ ıĲȠ ıȤİįȚĮ-
ıȝȩ țĮȚ ıĲȘ ʌȡȩȕȜİȥȘ ĲȘȢ ȝȘȤĮȞȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ İȞȩȢ ȑȡȖȠȣ. ǼȓȞĮȚ įȚĮĲȣʌȦȝȑȞȘ 
ʌȜİȩȞ ʌȡĮțĲȚțȒ ȐʌȠȥȘ ȩĲȚ ȠȚ țĮĲĮıțİȣĮıĲȑȢ İȓȞĮȚ įȪıțȠȜȠ ʌȜȑȠȞ ȞĮ ĮȞĮȜȐȕȠȣȞ 
ȝȩȞȠȚ ĲȠȣȢ ĲȠ ȖİȦĲİȤȞȚțȩ ȡȓıțȠ ĲȘȢ ĮıĲȠȤȓĮȢ țȐʌȠȚĮȢ įȚĮįȚțĮıȓĮȢ țĮĲȐ ĲȘȞ țĮĲĮ-
ıțİȣȒ İȞȩȢ ȑȡȖȠȣ țĮȚ İʌȚȗȘĲȠȪȞ İʌȚĲĮțĲȚțȐ ĲȘȞ ʌȡȩȕȜİȥȘ ĲȘȢ ʌȚșĮȞȩĲȘĲĮȢ ĮıĲȠ-
ȤȓĮȢ ıĲȘȞ ĳȐıȘ ĲȘȢ ȝİȜȑĲȘȢ ĲȠȣ ȑȡȖȠȣ. 

2. ǺȠȘșȐȞİ ĲȘȞ įȚĮȓıșȘıȘ țĮȚ ĲȠȞ ĲȡȩʌȠ ıțȑȥȘȢ ĲȠȣ ȝȘȤĮȞȚțȠȪ ȖȚĮ ĲȘȞ İȪȡİıȘ ĲȘȢ 
țĮȜȪĲİȡȘȢ ȜȪıȘȢ İĳȩıȠȞ ȕȠȘșȐȞİ ıĲȘȞ ĮȞĮȖȞȫȡȚıȘ ĳȣıȚțȫȞ ʌȠıȠĲȒĲȦȞ ʌȠȣ İȓȞĮȚ 
ıȘȝĮȞĲȚțȑȢ ȖȚĮ ĲȠ ʌȡȩȕȜȘȝĮ. 

3. ǺȠȘșȐȞİ ıĲȘȞ ĮȞȐįȡȠȝȘ ĮȞȐȜȣıȘ İʌȓ ĲȩʌȠȣ ȝİĲȡȒıİȦȞ țĮșȚȗȒıİȦȞ, ıȣȖțȜȓıİȦȞ 
țĮȚ ĲȐıİȦȞ ıĲȘ ȖİȚĲȠȞȚȐ ȣʌȩȖİȚȦȞ ȑȡȖȦȞ țĮȚ țĮĲȩʌȚȞ ıĲȘȞ İȟĮȖȦȖȒ ıȣȝʌİȡĮıȝȐ-
ĲȦȞ Ȓ țĮȚ ĲȚȝȫȞ ʌĮȡĮȝȑĲȡȦȞ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ. 
 
ǼȓȞĮȚ ʌȡȠĳĮȞȑȢ ȩĲȚ șİȦȡȒıİȚȢ ʌȠȣ ȕĮıȓȗȠȞĲĮȚ ıĲȘ  ȖİȦȜȠȖȚțȒ Ȓ ȖİȦĲİȤȞȚțȒ įȚĮȓ-

ıșȘıȘ țĮȚ ĲȘȞ İȝʌİȚȡȓĮ įİȞ İȓȞĮȚ ȝȠȞĲȑȜĮ Įʌȩ ĲȘ ıĲȚȖȝȒ ʌȠȣ įİȞ ȜĮȝȕȐȞȠȣȞ ȣʌȩȥȘȞ 
ĲȠȣȢ ȞȩȝȠȣȢ ĲȘȢ ȂȘȤĮȞȚțȒȢ. Ǽįȫ ĮȞĮĳȑȡȠȣȝİ ĲȘȞ ʌȡȠİȚįȠʌȠȓȘıȘ ĲȠȣ īİȦȜȩȖȠȣ ǹ. 
Heim ȖȚĮ ĲȘȞ ʌȚșĮȞȒ ĮıĲȠȤȓĮ ĲȘȢ ıȒȡĮȖȖĮȢ ĲȠȣ Simplon2 İȟĮȚĲȓĮȢ ĲȠȣ ȝİȖȐȜȠȣ ȕȐșȠȣȢ 
                                                 
1 Ǿ ȑȞȞȠȚĮ ĲȠȣ «ȝȠȞĲȑȜȠȣ» ȩʌȦȢ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ İįȫ İȝʌİȡȚȑȤİȚ ĲȘȞ ȑȞȞȠȚĮ ĲȘȢ «ʌĮȡĮįȠȤȒȢ» țĮȚ İȞ 
ĲȑȜİȚ ĲȘȢ «șİȦȡȓĮȢ».  

2 H ıȒȡĮȖȖĮ ĲȠȣ Simplon İȞȫȞİȚ ĲĮ ıȚįȘȡȠįȡȠȝȚțȐ ıȣıĲȒȝĮĲĮ ĲȘȢ ǼȜȕİĲȓĮȢ țĮȚ ĲȘȢ ǿĲĮȜȓĮȢ țȐĲȦ Įʌȩ 
ĲȠ Monte Leone țĮȚ țĮĲĮıțİȣȐıșȘțİ ĲȠ 1906. 



 v

ĲȦȞ ȣʌİȡțİȚȝȑȞȦȞ (2 km) țĮȚ ĲȠȣ ıȤȘȝĮĲȚıȝȠȪ ıĲȒȜȘȢ ʌİĲȡȫȝĮĲȠȢ ȪȥȠȣȢ 2 km ʌȐȞȦ 
Įʌȩ ĲȘ ıȒȡĮȖȖĮ ʌȠȣ șĮ ȠįȘȖȠȪıİ ıİ ȣʌȑȡȕĮıȘ ĲȘȢ ĮȞĲȠȤȒȢ ĮȞİȝʌȩįȚıĲȘȢ șȜȓȥȘȢ ĲȠȣ 
ʌİĲȡȫȝĮĲȠȢ. ȆȡȠĳĮȞȫȢ Ƞ Heim ĮȖȞȠȪıİ ȩĲȚ Ș ĮȞĲȠȤȒ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ İʌȘȡİȐȗİĲĮȚ 
Įʌȩ ĲȘȞ ȣįȡȠıĲĮĲȚțȒ ʌȓİıȘ țĮȚ ȩĲȚ ĮȞĮȜȩȖȦȢ ĮȣĲȒȢ Ș ĲȡȚĮȟȠȞȚțȒ ĮȞĲȠȤȒ ĲȦȞ ȝʌȠȡİȓ ȞĮ 
ȣʌİȡȕĮȓȞİȚ țĮĲȐ ʌȠȜȪ ĲȘȞ ĮȞĲȠȤȒ ĮȞİȝʌȩįȚıĲȘȢ șȜȓȥȘȢ.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

KİĳȐȜĮȚȠ 1: 
 

ȉȡȩʌȠȚ țĮȚ ǹȞȐȜȣıȘ ǹıĲȠȤȓĮȢ ȈȘȡȐȖȖȦȞ 
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1.1 ȉȡȩʌȠȚ ǹıĲȠȤȓĮȢ ȈȘȡȐȖȖȦȞ 
 
ȀĮĲȐ ĲȘȞ țĮĲĮıțİȣȒ ȣʌȠȖİȓȦȞ ȑȡȖȦȞ İȓȞĮȚ ȖİȖȠȞȩȢ ȩĲȚ ȠʌȠȚȠıįȒʌȠĲİ ĲȪʌȠȢ İįĮĳȚțȒȢ 
ȝȐȗĮȢ Ȓ ȕȡĮȤȠȝȐȗĮȢ - İțĲȩȢ Įʌȩ ĲȘȞ țȚȞȠȪȝİȞȘ ȐȝȝȠ - ĮȞĮʌĲȪııİȚ «ĳȣıȚțȩ șȩȜȠ» 
ıĲȘȞ ȖİȚĲȠȞȚȐ ĮȣĲȫȞ. ǹȣĲȒ Ș ȚįȚȩĲȘĲĮ ĲȦȞ ȖİȦȨȜȚțȫȞ İȓȞĮȚ ʌȠȣ İʌȚĲȡȑʌİȚ ĲȘȞ ȩȡȣȟȘ 
ĮȞȠȚȖȝȐĲȦȞ ı’ĮȣĲȐ. Ǿ ĲȑȤȞȘ ĲȘȢ ıȘȡĮȖȖȠʌȠȚȧĮȢ ȑȖțİȚĲĮȚ ıĲȘȞ ȝȚțȡȩĲİȡȘ įȣȞĮĲȒ įȚĮĲĮ-
ȡĮȤȒ ĮȣĲȠȪ ĲȠȣ ĲȩȟȠȣ țĮĲȐ ĲȘȞ İȟȩȡȣȟȘ țĮȚ ıĲȘȞ ʌȡȩȕȜİȥȘ ĲȦȞ ĲȐıİȦȞ țĮȚ ĲȦȞ 
ʌĮȡĮȝȠȡĳȫıİȦȞ țĮȚ ȩȤȚ ıĲȘȞ İț ĲȦȞ ȣıĲȑȡȦȞ ĮȞĲȚȝİĲȫʌȚıȘ ȣȥȘȜȫȞ ĲȐıİȦȞ țĮȚ ȝİĲĮ-
ĲȠʌȓıİȦȞ ȝİ ȝȑĲȡĮ ȣʌȠıĲȒȡȚȟȘȢ. ȈĲȠ ʌĮȡȐįİȚȖȝĮ ĲȠȣ ȈȤ. 1.1 ĳĮȓȞİĲĮȚ Ƞ ıȤȘȝĮĲȚıȝȩȢ 
İȞȩȢ ĲȑĲȠȚȠȣ ĲȩȟȠȣ ʌȑȡȚȟ ĲȘȢ ȘȝȚțȣțȜȚțȒȢ ıȒȡĮȖȖĮȢ – ıĲȘȞ ȠȡȠĳȒ țĮȚ ıĲȠ įȐʌİįȠ ĮȞĲȚ-
ıĲȠȓȤȦȢ  - ıİ ıȣȞİȤȑȢ, ȠȝȠȖİȞȑȢ țĮȚ ȚıȩĲȡȠʌȠ ʌȑĲȡȦȝĮ.  
 

 
 

ȈȤ. 1.1. ǻȚȐȖȡĮȝȝĮ țȣȡȓȦȞ ĲȐıİȦȞ ʌȑȡȚȟ ȘȝȚțȣțȜȚțȒȢ ıĲȠȐȢ ıİ ȝȠȞȠĮȟȠȞȚțȩ ʌİįȓȠ İʌȓ ĲȩʌȠȣ 
ĲȐıİȦȞ. 
 
 

ȅȚ ʌİȡȚııȩĲİȡȠȚ țȓȞįȣȞȠȚ țĮĲȐ ĲȘȞ įȚȐȞȠȚȟȘ ȣʌȠȖİȓȦȞ ȑȡȖȦȞ ȠĳİȓȜȠȞĲĮȚ ıİ ĳȣıȚțȐ 
ĳĮȚȞȩȝİȞĮ. ȅĲĮȞ ĲȠ ʌȑĲȡȦȝĮ İȓȞĮȚ ıȣȞİȤȑȢ țĮȚ ȠȝȠȚȠȖİȞȑȢ ĲȩĲİ įİȞ ȣʌȐȡȤİȚ țȓȞįȣȞȠȢ. 
ȈȣȞȒșȦȢ ȩȝȦȢ ȠȚ ȝȐȗİȢ ĲȦȞ İįĮĳȫȞ țĮȚ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ İȓȞĮȚ ʌĲȣȤȦȝȑȞİȢ, įȚĮıȤȓȗȠ-
ȞĲĮȚ Įʌȩ įȚĮțȜȐıİȚȢ Ȓ İȓȞĮȚ ĮȞȠȝȠȚȠȖİȞİȓȢ, ʌȠȣ ıȘȝĮȓȞİȚ ȩĲȚ țĮțȒ İțĲȓȝȘıȘ - ʌȡȩȕȜİȥȘ 
ĮȣĲȫȞ ĲȦȞ ȖİȦȜȠȖȚțȫȞ ıȣȞșȘțȫȞ ȝʌȡȠıĲȐ Įʌȩ ĲȠ ȝȑĲȦʌȠ İȖțȣȝȠȞİȓ țȚȞįȪȞȠȣȢ țĮĲȐ 
ĲȘȞ İȟȩȡȣȟȘ. 

ȂȚȐ ıȣȞȒșȘȢ ʌİȡȓʌĲȦıȘ ĮıĲȠȤȓĮȢ ıȘȡȐȖȖȦȞ ʌĮȡȠȣıȚȐȗİĲĮȚ ıĲȠ ȈȤ. 1.2. ǹĳȠȪ ĲȠ 
ȝȑ-ĲȦʌȠ ȑȤİȚ ʌȡȠȤȦȡȒıİȚ Įʌȩ ȑȞĮ ĳĮȚȞȠȝİȞȚțȐ țĮȜȩ ʌȑĲȡȦȝĮ, ȠȚ ʌĲȣȤȫıİȚȢ (Į) țĮȚ (ȕ) 
ȑȤȠȣȞ ĮʌȦȜȑıİȚ ĲȠ įȐʌİįȠ ĲȠȣȢ İȟĮȚĲȓĮȢ ĲȘȢ İȟȩȡȣȟȘȢ. ȉȠ ȣʌȩȖİȚȠ ȪįȦȡ ʌȠȣ įȚİȚıįȪİȚ 
ȝȑıȦ ĲȦȞ ȡȘȖȝȐĲȦȞ (ȝȞ) įȚĮȜȣĲȠʌȠȚİȓ ĲȠ ȣȜȚțȩ ʌȜȘȡȫıİȦȢ țĮȚ ıȣȞȠȤȒȢ ʌȠȣ ıȣȖțȡĮĲİȓ 
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ĲȚȢ ıĲȡȫıİȚȢ ȝİĲĮȟȪ ĲȦȞ ȝİ ıȣȞȑʌİȚĮ ĲȠ ȠȖțȠĲİȝĮȤȚıȝȑȞȠ ʌȑĲȡȦȝĮ ȞĮ țĮĲĮʌȑıİȚ İȞĲȩȢ 
ĲȘȢ ıȒȡĮȖȖȠȢ. 

 
ȈȤ. 1.2. KȓȞįȣȞȠȢ țĮĲȐʌĲȦıȘȢ ĲȘȢ ȠȡȠĳȒȢ ȜȩȖȦ ȣʌȠıțĮĳȒȢ – țĮĲȐ ĲȘȞ ȩȡȣȟȘ ıȒȡĮȖȖȠȢ - ĲȦȞ 
ʌĲȣ-ȤȫıİȦȞ (Į) țĮȚ (ȕ). ȉȠ ȪįȦȡ ʌȠȣ İȚıȑȡȤİĲĮȚ Įʌȩ ĲĮ ȡȒȖȝĮĲĮ (ȝȞ) șĮ įȚĮȜȣĲȠʌȠȚȒıİȚ ĲȠ ȣȜȚțȩ 
ıȣ-ȞȠȤȒȢ (į) ʌȠȣ ıȣȖțȡĮĲİȓ ĲȠ ȠȖțȠĲİȝȐȤȚȠ ʌİĲȡȫȝĮĲȠȢ ıĲȘ șȑıȘ ĲȠȣ. 
 
  

ǹıĲȠȤȓĮ ıĲȘȞ oȡȠĳȒ ȝȚĮȢ ıȒȡĮȖȖȠȢ ȝʌȠȡİȓ İʌȓıȘȢ ȞĮ İțįȘȜȦșİȓ ĮȞ Ș ȕȡĮȤȠȝȐȗĮ 
įȚĮıȤȓȗİĲĮȚ Įʌȩ ʌȣțȞȩ įȓțĲȣȠ ȠȡȚȗȠȞĲȓȦȞ ıĲȡȫıİȦȞ (Ȝ.Ȥ. ȜİʌĲȠʌȜĮțȫįİȚȢ ĮıȕİıĲȠȜȚșȚ-
țȑȢ ȝȐȗİȢ, ıȤȚıĲȩȜȚșȠȚ ț.Ȝʌ.). ǹȞ Ș ȠȡȠĳȒ ĲȘȢ ıȒȡĮȖȖĮȢ ʌȠȣ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 1.3 
Įĳİșİȓ ĮȞȣʌȠıĲȒȡȚțĲȘ ȖȚĮ ĮȡțİĲȩ ȤȡȠȞȚțȩ įȚȐıĲȘȝĮ, ĲȩĲİ Ș ȠȖțȠĲİȝĮȤȚıȝȑȞȘ ıĲȡȫıȘ 
ĲȘȢ ȠȡȠĳȒȢ șĮ ȤȐıİȚ ĲȘȞ ıȣȞȠȤȒ ĲȘȢ  İȟĮȚĲȓĮȢ ĲȘȢ İțĲȩȞȦıȘȢ ĲȦȞ ĲȐıİȦȞ ıĲȘȞ ʌİȡȚȠȤȒ 
Įȣ-ĲȒ țĮȚ șĮ țĮĲĮțȡȘȝȞȚıșİȓ. ȆĮȡȠȣıȓĮ ȪįĮĲȠȢ – ʌȠȣ ȣʌȐȡȤİȚ ʌȐȞĲĮ ıİ ȡȘȖȝĮĲȦȝȑȞİȢ 
ȝȐȗİȢ ʌİĲȡȦȝȐĲȦȞ – Ș ʌĲȫıȘ ĲȘȢ ȠȡȠĳȒȢ İȓȞĮȚ ȕİȕĮȓĮ. ȈȣȞİʌȫȢ, țĮȚ ıĲȚȢ įȪȠ ʌİȡȚʌĲȫ-
ıİȚȢ ĲȦȞ ȈȤ. 2 țĮȚ 3 Ș ĮıĲȠȤȓĮ ĲȘȢ ȠȡȠĳȒȢ șĮ ĮʌȠĳİȣȤșİȓ ȩĲĮȞ Ș ȣʌȠıĲȒȡȚȟȘ ĲȠʌȠșİ-
ĲȘșİȓ ʌȡȚȞ Įʌȩ ĲȘȞ țȡȓıȚȝȘ ȤĮȜȐȡȦıȘ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ (ȜȩȖȦ ĲȘȢ İțĲȩȞȦıȘȢ ĲȦȞ 
ĲȐıİȦȞ). 
 

 
ȈȤ. 1.3. ȀȓȞįȣȞȠȢ țĮĲȐʌĲȦıȘȢ ȠȡȠĳȒȢ ȜȩȖȦ ȠȡȚȗȩȞĲȚĮȢ ıĲȡȦıȚȖȑȞİȚĮȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ țĮȚ 
įȚĮțȜȐ-ıİȦȞ ȝİȖȐȜȘȢ țȜȓıȘȢ. 
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ȂȚĮ ȐȜȜȘ țĮĲȐıĲĮıȘ ʌȚșĮȞȒȢ ĮıĲȠȤȓĮȢ ĲȘȢ ȠȡȠĳȒȢ ıȒȡĮȖȖȠȢ ʌĮȡȠȣıȚȐȗİĲĮȚ ıĲȠ ȈȤ. 

1.4. ǹȞ Įʌȩ ĲȠ ȡȒȖȝĮ (ȠȞ) ȝİĲĮĳȑȡİĲĮȚ ȪįȦȡ ĲȩĲİ Ș ȗȫȞȘ ĮıĲȠȤȓĮȢ ʌİȡȚțȜİȓİĲĮȚ ȝİĲĮȟȪ 
ĲȠȣ (Ȥ) țĮȚ ĲȠȣ (Ȟ), ȒĲȠȚ ȠʌȠȚȠįȒʌȠĲİ ȠȖțȠĲİȝȐȤȚȠ ʌȠȣ ȕȡȓıțİĲĮȚ ı’ĮȣĲȒ ĲȘ ȗȫȞȘ 
ȝʌȠȡİȓ ȞĮ țĮĲĮțȡȘȝȞȚıșİȓ Ȓ ʌȚșĮȞȫȢ țĮĲĮʌȑıİȚ ȩȜȘ Ș ȝȐȗĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ țȐĲȦ Įʌȩ 
ĲȠ ȡȒȖȝĮ.   

 
ȈȤ. 1.4. ǻȚȐȞȠȚȟȘ ıȒȡĮȖȖĮȢ ıİ ıĲȡȦıȚȖİȞȑȢ țĮȚ ȡȘȖȝĮĲȦȝȑȞȠ ʌȑĲȡȦȝĮ, ȝİ ʌĮȡȠȣıȓĮ ȣįȡȠĳȠȡȓĮȢ 
ıĲȠ ȡȒȖȝĮ (ȠȞ). 
 
 

Ǿ ȝİĲĮȕȠȜȒ ĲȦȞ ȖİȦȜȠȖȚțȫȞ ıȣȞșȘțȫȞ țĮĲȐ ĲȘȞ įȚȐȞȠȚȟȘ ȝȚĮȢ ıȒȡĮȖȖĮȢ – Ȝ.Ȥ. 
ĮʌȩĲȝȘıȘ ȐȜȜȠȣ ıĲȡȫȝĮĲȠȢ ʌİĲȡȫȝĮĲȠȢ - İȖțȣȝȠȞİȓ țȓȞįȣȞȠ ĮıĲȠȤȓĮȢ ĮȣĲȒȢ. ȈĲȠ ȈȤ. 
1.5 ĲȠ ȝȑĲȦʌȠ ĲȘȢ ıȒȡĮȖȖȠȢ ȑȤİȚ įȚĮĲȡȣʌȒıİȚ ȝĮȜĮțȩ ıȤȘȝĮĲȚıȝȩ (Ȁ). ǹțȡȚȕȫȢ ıĲȘ 
ȗȫ-ȞȘ ȝİĲȐȕĮıȘȢ ȣʌȐȡȤİȚ ȝİȖȐȜȘ ʌȚșĮȞȩĲȘĲĮ țĮĲȐʌĲȦıȘȢ ĲȘȢ ȠȡȠĳȒȢ, ıĲȘȞ 
ʌİȡȓʌĲȦıȘ įİ ʌȠȣ ȣʌȐȡȤİȚ ȡȒȖȝĮ ıĲȠ ıĲȡȫȝĮ (Ȁ) Ș țĮĲȐʌĲȦıȘ ĲȘȢ ȠȡȠĳȒȢ șİȦȡİȓĲĮȚ 
ȕİȕĮȓĮ. 

 
ȈȤ. 1.5. ȂİĲȐȕĮıȘ Įʌȩ ȑȞĮ ĲȪʌȠ ʌİĲȡȫȝĮĲȠȢ (Ȃ) ıİ ȐȜȜȠ ȝĮȜĮțȩ ʌȑĲȡȦȝĮ (Ȁ) țĮĲȐ ĲȘȞ 
įȚȐȞȠȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ. Ǿ ĮıĲȠȤȓĮ ȑȤİȚ ȝİȖȐȜȘ ʌȚșĮȞȩĲȘĲĮ ȞĮ İțįȘȜȦșİȓ ıĲȘȞ İʌĮĳȒ ĲȦȞ įȪȠ 
ʌİĲȡȦȝȐĲȦȞ. 
 
 

ȂİȡȚțȑȢ ĳȠȡȑȢ «ȟȑȞĮ» ĳİȡĲȐ ȖİȦȨȜȚțȐ ĮʌȠĲȓșİȞĲĮȚ ıİ țȠȚȜȩĲȘĲİȢ (țȐȡıĲ) ĲȠȣ 
ȝȘĲȡȚțȠȪ ʌİĲȡȫȝĮĲȠȢ ȝİ ĲȘȞ įȡȐıȘ ȣʌȠȖİȓȦȞ ȣįȐĲȦȞ, ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 1.6. ǹȣĲȒ 
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İȓȞĮȚ ȝȓĮ ȚįȚĮȓĲİȡĮ İʌȚțȓȞįȣȞȘ ʌİȡȓʌĲȦıȘ ĮıĲȠȤȓĮȢ ĲȘȢ ȠȡȠĳȒȢ İĳȩıȠȞ Ș ıĳȒȞĮ (Ȇ) 
ʌİȡȚȑȤİȚ ȪįȦȡ țĮȚ ȝʌȠȡİȓ ȞĮ țĮĲĮʌȑıİȚ İȞĲȩȢ ĲȘȢ ıȒȡĮȖȖĮȢ. 

 
ȈȤ. 1.6. ȉȠ ĳİȡĲȩ ȖİȦȨȜȚțȩ (Ȇ) ʌȠȣ ȑȤİȚ ĮʌȠĲİșİȓ ıİ țȠȚȜȩĲȘĲĮ İȞĲȩȢ ĲȠȣ ȝȘĲȡȚțȠȪ ʌİĲȡȫȝĮĲȠȢ 
(ȃ) İȓȞĮȚ ȕȑȕĮȚȠ ȩĲȚ șĮ țĮĲĮțȡȘȝȞȚıșİȓ. 
 

 
Ǿ İȣıĲȐșİȚĮ ĮıȣȞİȤȠȪȢ ȝȐȗĮȢ ʌİĲȡȫȝĮĲȠȢ ʌȠȣ ĮʌȠțĮȜȪʌĲİĲĮȚ țĮĲȐ ĲȘȞ İțıțĮĳȒ 

ȣʌȠȖİȓȠȣ ȑȡȖȠȣ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȠȞ ʌȡȠıĮȞĮĲȠȜȚıȝȩ, ĲȘȞ ȖİȦȝİĲȡȓĮ țĮȚ ĲȘȞ ĮȞĲȠȤȒ ĲȦȞ 
ʌȚȩ İʌȓȝȠȞȦȞ (ȝİȖĮȜȪĲİȡȠȣ ȝȒțȠȣȢ, persistent) ĮıȣȞİȤİȚȫȞ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ. Ǿ ĮȞȐȜȣ-
ıȘ ĲȘȢ İȣıĲȐșİȚĮȢ, Ƞ ʌȡȠıįȚȠȡȚıȝȩȢ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȘȢ İȟȩȡȣȟȘȢ țĮȚ Ș ʌȡȩĲĮıȘ ȖȚĮ 
İȞįİȤȩȝİȞĮ ȝȑĲȡĮ ȣʌȠıĲȒȡȚȟȘȢ ʌȡȓȞ ĲȘȞ ȑȞĮȡȟȘ ĲȘȢ țĮĲĮıțİȣȒȢ ĲȠȣ ȣʌȩȖİȚȠȣ ȑȡȖȠȣ 
ȕĮıȓȗİĲĮȚ ıĲĮ țȐĲȦșȚ ĲȡȓĮ ȕȒȝĮĲĮ: 

 
1. AʌȠĲȪʌȦıȘ ĲȦȞ ĮıȣȞİȤİȚȫȞ ıĲȘ ȝȐȗĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ 
2. ǼțĲȓȝȘıȘ țĮĲĮȡȤȒȞ ĮȞ ȠȚ ĮıȣȞȑȤİȚİȢ ȝʌȠȡȠȪȞ ȞĮ ĮʌȠĲȝȒıȠȣȞ ȠȖțȠĲİȝȐȤȚĮ 

ʌİĲȡȫȝĮĲȠȢ țĮȚ ĮȞ ȞĮȚ ĲȩĲİ ĮȞ ĮȣĲȐ İȓȞĮȚ įȣȞȘĲȚțȐ ĮıĲĮșȒ ıȪȝĳȦȞĮ ȝİ 
įİįȠȝȑȞȠȣȢ ȝȘȤĮȞȚıȝȠȪȢ ĮıĲȠȤȓĮȢ 

3. ȆȡȠıįȚȠȡȚıȝȩȢ ĲȘȢ İȣıĲȐșİȚĮȢ ĲȦȞ įȣȞȘĲȚțȐ ĮıĲĮșȫȞ ȠȖțȠĲİȝĮȤȓȦȞ ʌİĲȡȫȝĮĲȠȢ, 
ʌȡȠıįȚȠȡȚıȝȩȢ ʌȚșĮȞȫȞ ȝȑĲȡȦȞ ȣʌȠıĲȒȡȚȟȘȢ țĮȚ ĮȞ İȓȞĮȚ įȣȞĮĲȩȞ ĲȡȠʌȠʌȠȓȘıȘ ĲȘȢ 
ȖİȦȝİĲȡȓĮȢ țĮȚ ĲȠȣ ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ ĲȘȢ İțıțĮĳȒȢ. 

 
H İȣıĲȐșİȚĮ İȞȩȢ ʌȡȓıȝĮĲȠȢ Ȓ ȝȚĮȢ ıĳȒȞĮȢ ʌȠȣ İȓȞĮȚ įȣȞȘĲȚțȐ ĮıĲĮșȒȢ İȟĮȡĲȐĲĮȚ 

Įʌȩ: 
 

x ȉȚȢ ĲȐıİȚȢ ʌȠȣ ĮıțȠȪȞĲĮȚ İʌȓ ĲȦȞ İʌȚĳĮȞİȚȫȞ ĮȣĲȫȞ ĲȦȞ ȠȖțȠĲİȝĮȤȓȦȞ, ȠȚ ȠʌȠȓİȢ 
İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȠȞ ʌȡȠıĮȞĮĲȠȜȚıȝȩ ĲȦȞ țĮȚ Įʌȩ ĲȠ İȞĲĮĲȚțȩ ʌİįȓȠ ʌȑȡȚȟ ĲȘȢ 
İțıțĮĳȒȢ 

x ȉȚȢ ȚįȚȩĲȘĲİȢ ĲȡȚȕȒȢ ĲȦȞ ĮıȣȞİȤİȚȫȞ 
x ȉȠ ȕȐȡȠȢ ĲȠȣ ʌȡȓıȝĮĲȠȢ Ȓ ĲȘȢ ıĳȒȞĮȢ, ȒĲȠȚ ĲȠȣ ȩȖțȠȣ ĲȠȣ țĮȚ ĲȠȣ ȝȠȞĮįȚĮȓȠȣ 

ȕȐȡȠȣȢ ĲȠȣ 
 
ȀĮĲȐ ĲȠ ıȤİįȚĮıȝȩ ĲȦȞ ȣʌȠȖİȓȦȞ ȑȡȖȦȞ ʌȡȑʌİȚ ȞĮ ȝʌȠȡȠȪȞ ȞĮ ĮȞĮȜȣșȠȪȞ ȩȜİȢ ȠȚ 

ĮȞȦĲȑȡȦ ʌĮȡȐȝİĲȡȠȚ țĮȚ ȞĮ ȚİȡĮȡȤȘșİȓ Ș ʌȡĮțĲȚțȒ ıȘȝĮıȓĮ ĲȠȣȢ. īȚĮ ʌĮȡȐįİȚȖȝĮ Ș 
İʌȓįȡĮıȘ ĲȠȣ ȕȐȡȠȣȢ ĲȦȞ ĮʌȠĲİȝȞȠȝȑȞȦȞ ıĳȘȞȫȞ ĳĮȓȞİĲĮȚ țĮșĮȡȐ ıĲȘȞ ʌİȡȓʌĲȦıȘ 
ĲȠȣ ȈȤ. 1.7. Ȉ’ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ įȘȝȚȠȣȡȖȠȪȞĲĮȚ ıĳȒȞİȢ ʌİĲȡȫȝĮĲȠȢ ıĲȘȞ ıĲȑȥȘ 
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ĲȠȣ șĮȜȐȝȠȣ. ǹȞ Ƞ șȐȜĮȝȠȢ İʌİțĲĮșİȓ ĲȩĲİ İȓȞĮȚ ʌȡȠĳĮȞȑȢ ȩĲȚ șĮ ĳșȐıİȚ țȐʌȠȚȠ 
ıĲȐįȚȠ țĮĲȐ ĲȠ ȠʌȠȓȠ ĲȠ ʌȡȓıȝĮ ĲȘȢ ȠȡȠĳȒȢ șĮ țĮĲĮʌȑıİȚ. ǹȣĲȩ ıȣȝȕĮȓȞİȚ įȚȩĲȚ ĲȠ 
ȕȐȡȠȢ ĲȘȢ ıĳȒȞĮȢ ĮȣȟȐȞİȚ ĮȞĮȜȩȖȦȢ ʌȡȠȢ ĲȠ ĲİĲȡȐȖȦȞȠ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ İȞȫ Ș 
țȚȞȘĲȠʌȠȚȘȝȑȞȘ įȪȞĮȝȘ ȣʌȠıĲȒȡȚȟȘȢ ĮȣȟȐȞİȚ – ıİ ʌȡȫĲȘ ʌȡȠıȑȖȖȚıȘ - ȖȡĮȝȝȚțȐ ȝİ ĲȠ 
ȝȑȖİșȠȢ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ. ǹȣĲȩ ĲȠ ʌĮȡȐįİȚȖȝĮ țĮĲĮįİȚțȞȪİȚ ĲȘȞ ıȘȝĮȞĲȚțȒ ĮȡȤȒ ȩĲȚ ȝȚĮ 
ȝȚțȡȒ ĮȜȜȐ țȡȓıȚȝȘ ĮȪȟȘıȘ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ ȝȚĮȢ İțıțĮĳȒȢ ıİ ĮıȣȞİȤȑȢ ʌȑĲȡȦȝĮ 
ȝʌȠȡİȓ ȞĮ ʌȡȠțĮ-ȜȑıİȚ ıȘȝĮȞĲȚțȒ ȝİȓȦıȘ ĲȘȢ İȣıĲȐșİȚĮȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ȝȑıȦ 
ĮȟȚȠıȘȝİȓȦĲȘȢ ĮȪȟȘıȘȢ ĲȘȢ įȪȞĮȝȘȢ įȚĮĲĮȡĮȤȒȢ (ȕȐȡȠȢ ĲȘȢ ıĳȒȞĮȢ) ıİ ıȤȑıȘ ȝİ ĲȘȞ 
țȚȞȘĲȠʌȠȚȘȝȑȞȘ įȪȞĮȝȘ ĮȞĲȓįȡĮıȘȢ.  

 
ȈȤ. 1.7. ȉȣʌȚțȒ ȖİȦȝİĲȡȓĮ ʌȠȣ įİȓȤȞİȚ ĲȘȞ ıȘȝĮȞĲȚțȒ ĮȪȟȘıȘ ĲȠȣ ȕȐȡȠȣȢ ıĳȒȞĮȢ ʌİĲȡȫȝĮĲȠȢ 
ıĲȘȞ ȠȡȠĳȒ șĮȜȐȝȠȣ ıİ ıȤȑıȘ ȝİ ĲȘȞ ĮȪȟȘıȘ ĲȘȢ įȪȞĮȝȘȢ ĮȞĲȓįȡĮıȘȢ. 
 
 

ȅ ʌȡȠıĮȞĮĲȠȜȚıȝȩȢ ıĲȠ ȤȫȡȠ İʌȓʌİįȦȞ ĮıȣȞİȤİȚȫȞ ʌİĲȡȫȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ ȝİĲȡȘșİȓ 
İȓĲİ Įʌȩ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞİȢ ȖİȦĲȡȒıİȚȢ İȓĲİ Įʌȩ İțĲİșİȚȝȑȞİȢ İʌȚĳȐȞİȚİȢ ĲȠȣ ʌİĲȡȫ-
ȝĮĲȠȢ. ȉȠ ȈȤ. 1.8 ʌİȡȚȖȡȐĳİȚ ȝİȡȚțȠȪȢ Įʌȩ ĲȠȣȢ ĮțȩȜȠȣșȠȣȢ ȩȡȠȣȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚ-
ȠȪȞĲĮȚ ȖȚĮ ĲȠȞ ȠȡȚıȝȩ ĲȠȣ ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ İʌȚʌȑįȦȞ ĮıȣȞİȤİȚȫȞ: 

 
x BȪșȚıȘ (plunge) = Ș ȠȟİȓĮ ȖȦȞȓĮ ʌȠȣ ȝİĲȡȐĲĮȚ ıİ țĮĲĮțȩȡȣĳȠ İʌȓʌİįȠ, țĮȚ 

ıȤȘȝĮĲȓȗİĲĮȚ ȝİĲĮȟȪ įİįȠȝȑȞȘȢ İȣșİȓĮȢ țĮȚ ĲȘȢ ȠȡȚȗȩȞĲȚĮȢ. 
x ǻȚİȪșȣȞıȘ (trend) = ĲȠ ȖİȦȖȡĮĳȚțȩ ĮȗȚȝȠȪșȚȠ İȞȩȢ țĮĲĮțȠȡȪĳȠȣ İʌȚʌȑįȠȣ ʌȠȣ 

ʌİȡȚȑȤİȚ įİįȠȝȑȞȘ İȣșİȓĮ. Ǿ įȚİȪșȣȞıȘ ȝİĲȡȐĲĮȚ ıȣȞȒșȦȢ ʌȡȠȢ ĲȘȞ țĮĲİȪșȣȞıȘ ĲȘȢ 
ȕȪșȚıȘȢ (ȈȤ. 8). 

x īȡĮȝȝȒ ȝȑȖȚıĲȘȢ țȜȓıȘȢ = Ș ȖȡĮȝȝȒ İʌȓ įİįȠȝȑȞȠȣ İʌȚʌȑįȠȣ ĲȘȢ ȠʌȠȓĮȢ Ș ȕȪșȚıȘ 
İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ Įʌȩ ȩȜİȢ ĲȚȢ ȐȜȜİȢ ȖȡĮȝȝȑȢ İʌȓ ĲȠȣ ȓįȚȠȣ İʌȚʌȑįȠȣ. 

x ǻȚİȪșȣȞıȘ ĲȘȢ țȜȓıȘȢ = Ș įȚİȪșȣȞıȘ ĲȘȢ ȖȡĮȝȝȒȢ ĲȘȢ ȝİȖĮȜȪĲİȡȘȢ țȜȓıȘȢ 
įİįȠȝȑȞȠȣ İʌȚʌȑįȠȣ. 

x ǻȚİȪșȣȞıȘ ĲȘȢ ʌĮȡȐĲĮȟȘȢ = ĲȠ ȖİȦȖȡĮĳȚțȩ ĮȗȚȝȠȪșȚȠ ȠȡȚȗȩȞĲȚĮȢ ȖȡĮȝȝȒȢ ıİ 
įİįȠȝȑȞȠ İʌȓʌİįȠ. 

x ȆȩȜȠȢ İʌȚʌȑįȠȣ = Ș ȖȡĮȝȝȒ ʌȠȣ ıȤȘȝĮĲȓȗİȚ ȖȦȞȓĮ 90Ƞ ȝİ įİįȠȝȑȞȠ İʌȓʌİįȠ.  
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ȈȤ. 1.8. ȅȡȚıȝȩȢ ĲȦȞ ȩȡȦȞ ʌȠȣ ʌİȡȚȖȡȐĳȠȣȞ ĲȠȞ ʌȡȠıĮȞĮĲȠȜȚıȝȩ İʌȚʌȑįȦȞ ĮıȣȞİȤİȚȫȞ. h = ȠȡȚ-
ȗȩȞĲȚȠ İʌȓʌİįȠ abcd, f = țİțȜȚȝȑȞȠ İʌȓʌİįȠ aoce, P = ʌȩȜȠȢ ĲȠȣ İʌȚʌȑįȠȣ, D = ȖȡĮȝȝȒ ȝȑȖȚıĲȘȢ 
țȜȓıȘȢ ĲȠȣ İʌȚʌȑįȠȣ, L = oʌȠȚĮįȒʌȠĲİ İȣșİȓĮ ĲȠȣ İʌȚʌȑįȠȣ, S = ʌĮȡȐĲĮȟȘ ĲȠȣ İʌȚʌȑįȠȣ,  p = ȕȪ-
șȚıȘ ĲȘȢ İȣșİȓĮȢ, T = įȚİȪșȣȞıȘ ĲȘȢ İȣșİȓĮȢ, Ȝ.Ȥ. TDf = įȚİȪșȣȞıȘ ĲȘȢ ȝȑȖȚıĲȘȢ țȜȓıȘȢ ĲȠȣ țİțȜȚ-
ȝȑȞȠȣ İʌȚʌȑįȠȣ aoce. 
 
 

ȅ ʌȡȠıĮȞĮĲȠȜȚıȝȩȢ İȞȩȢ İʌȚʌȑįȠȣ ĮıȣȞȑȤİȚĮȢ ȝʌȠȡİȓ ȞĮ ʌİȡȚȖȡĮĳİȓ ȝİ ĲȘ ȕȪșȚıȘ 
țĮȚ ĲȘ įȚİȪșȣȞıȘ İȓĲİ ĲȘȢ ȖȡĮȝȝȒȢ ȝȑȖȚıĲȘȢ țȜȓıȘȢ İȓĲİ ĲȠȣ ʌȩȜȠȣ ĲȠȣ İʌȚʌȑįȠȣ. ȅĲĮȞ 
ȑȤİȚ ĮʌȠĲȣʌȦșİȓ Ƞ ʌȡȠıĮȞĮĲȠȜȚıȝȩȢ ʌȠȜȜȫȞ ĮıȣȞİȤİȚȫȞ İȓȞĮȚ ıȪȞȘșİȢ ȞĮ ʌĮȡȠȣıȚȐȗȠ-
ȞĲĮȚ ȠȚ ʌȩȜȠȚ ĲȦȞ ĮıȣȞİȤİȚȫȞ ıİ ȘȝȚıĳĮȚȡȚțȒ ʌȡȠȕȠȜȒ. 

īȚĮ ĲȘȞ ĮȞȐȜȣıȘ ĲȘȢ ȖİȦȝİĲȡȓĮȢ țĮȚ ĲȘȢ İȣıĲȐșİȚĮȢ ĲȦȞ ıĳȘȞȫȞ ʌȠȣ įȚĮȝȠȡĳȫ-
ȞȠȞĲĮȚ ıĲȘȞ ȖİȚĲȠȞȚȐ țȐʌȠȚȠȣ ȣʌȩȖİȚȠȣ ĮȞȠȓȖȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ ĲȠ ʌȡȩ-
ȖȡĮȝȝĮ “UNWEDGE” ĲȠȣ ĲȝȒȝĮĲȠȢ Rock Engineering ĲȠȣ ȆĮȞİʌȚıĲȘȝȓȠȣ Torondo. 
Ǿ ȖİȦȝİĲȡȓĮ ĲȘȢ İțıțĮĳȒȢ ȝʌȠȡİȓ ȞĮ ȑȤİȚ įȘȝȚȠȣȡȖȘșİȓ ʌȡȚȞ ȝİ ĲȘȞ ȕȠȒșİȚĮ ĲȠȣ 
AUTOCADTM. Ȉ’ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ ȝʌȠȡİȓ ȞĮ İȚıĮȤșİȓ ıĲȠ ʌĮȡȩȞ ʌȡȩȖȡĮȝȝĮ ȦȢ 
ĮȡȤİȓȠ DXF. ȉȠ ʌȡȩȖȡĮȝȝĮ ȕĮıȓȗİĲĮȚ ıĲȘ șİȫȡȘıȘ ȩĲȚ ȠȚ ıĳȒȞİȢ ȠȡȓȗȠȞĲĮȚ Įʌȩ 3 
İʌȓʌİįĮ ĮıȣȞİȤİȚȫȞ țĮȚ ĳȑȡȠȣȞ ȝȩȞȠ ĲȠ ȓįȚȠ ȕȐȡȠȢ ĲȠȣȢ. Ǿ İʌȓȜȣıȘ ʌĮȡȑȤİȚ ĲȠ ȕȐȡȠȢ 
țĮȚ ĲĮ ȖİȦȝİĲȡȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȘȢ ıĳȒȞĮȢ țĮșȫȢ țĮȚ ĲȠȞ ıȣȞĲİȜİıĲȒ ĮıĳĮȜİȓĮȢ 
ȑȞĮȞĲȚ ȠȜȓıșȘıȘȢ. ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ įİȞ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ıĲȘȞ ĮȞȐȜȣıȘ įȚĮįȠȤȚțȑȢ 
ȠȜȚıșȒıİȚȢ ıĳȘȞȫȞ, ĮȜȜȐ ȠȜȚıșĮȓȞİȚ ȝȚĮ ıĳȒȞĮ țȐșİ ĳȠȡȐ. ǼʌȓıȘȢ ȖȓȞİĲĮȚ Ș ʌĮȡĮįȠȤȒ 
ȩĲȚ ȠȚ ȝİĲĮțȚȞȒıİȚȢ ȜĮȝȕȐȞȠȣȞ ȤȫȡĮ İʌȓ ĲȦȞ ĮıȣȞİȤİȚȫȞ țĮȚ ȩĲȚ ȠȚ ıĳȒȞİȢ țȚȞȠȪȞĲĮȚ 
ȦȢ ȐțĮȝʌĲĮ ıȫȝĮĲĮ ȤȦȡȓȢ İıȦĲİȡȚțȒ ʌĮȡĮȝȩȡĳȦıȘ Ȓ ȡȘȖȝȐĲȦıȘ. ȉȑȜȠȢ, ʌĮȡȑȤİĲĮȚ Ș 
įȣȞĮĲȩĲȘĲĮ ʌȡȠıȠȝȠȓȦıȘȢ ĲȦȞ ȝȑĲȡȦȞ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȪȜȦıȘȢ ȝİ ĲȘ ȝȠȡĳȒ țȠ-
ȤȜȚȫȞ Ȓ İțĲȠȟİȣȠȝȑȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ įȓȞȠȞĲĮȢ ĲȘȞ ĮȞĲȓıĲȠȚȤȘ ȕİȜĲȓȦıȘ ĲȠȣ ıȣȞĲİȜİ-
ıĲȒ ĮıĳĮȜİȓĮȢ. 
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ȆȡȚȞ ʌȡȠȤȦȡȒıȠȣȝİ ıĲȘȞ ĮȞȐȜȣıȘ ĮȣĲȠȪ ĲȠȣ ĲȪʌȠȣ İȓȞĮȚ ĮʌĮȡĮȓĲȘĲȠ ȞĮ ȠȡȚıșİȓ Ƞ 
ȩȡȠȢ «İʌȚĳĮȞİȚĮțȒ ȖȡĮȝȝȒ». ǹȢ șİȦȡȘșİȓ ȠʌȠȚȠįȒʌȠĲİ İʌȓʌİįȠ ʌȠȣ İȓȞĮȚ țȐșİĲȠ ıĲȠ 
ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ țĮȚ ʌİȡȞȐİȚ Įʌȩ ĲȘȞ țȠȡȣĳȒ ĲȠȣ ȠȖțȠĲİȝĮȤȓȠȣ (țĮȜİȓĲĮȚ țȐșİĲȠ 
İʌȓʌİįȠ). ȅȚ İȣșİȓİȢ ȖȡĮȝȝȑȢ ʌȠȣ ȠȡȓȗȠȞĲĮȚ Įʌȩ ĲȘȞ ĲȠȝȒ ĮȣĲȠȪ ĲȠȣ İʌȚʌȑįȠȣ ȝİ ĲȘȞ 
İʌȚĳȐȞİȚĮ ĲȠȣ ıĲȠȚȤİȚȫįȠȣȢ ȩȖțȠȣ țĮȜȠȪȞĲĮȚ «İʌȚĳĮȞİȚĮțȑȢ ȖȡĮȝȝȑȢ». ȂȓĮ İʌȚĳĮȞİȚĮ-
țȒ ȖȡĮȝȝȒ ʌȠȣ ȠȡȓȗİĲĮȚ İʌȓ ĲȠȣ ȝİĲȫʌȠȣ ĲȘȢ İțıțĮĳȒȢ țĮȜİȓĲĮȚ «İʌȚĳĮȞİȚĮțȒ ȖȡĮȝȝȒ 
ȝİĲȫʌȠȣ», İȞȫ ĲĮ ȗİȪȖȘ ĲȦȞ İʌȚĳĮȞİȚĮțȫȞ ȖȡĮȝȝȫȞ ʌȠȣ ȠȡȓȗȠȞĲĮȚ Įʌȩ ĲĮ İʌȓʌİįĮ ĲȦȞ 
ĮıȣȞİȤİȚȫȞ ʌȠȣ ʌİȡȚȕȐȜȜȠȣȞ ĲȠ ȠȖțȠĲİȝȐȤȚȠ țĮȜȠȪȞĲĮȚ «İʌȚĳĮȞİȚĮțȑȢ ȖȡĮȝȝȑȢ ĲȠȣ 
ȠȖțȠĲİȝĮȤȓȠȣ». ȀȐșİ ȖȦȞȓĮ ĲȠȣ ȠȖțȠĲİȝĮȤȓȠȣ ʌĮȡȚıĲȐ ȝȚĮ İʌȚĳĮȞİȚĮțȒ ȖȡĮȝȝȒ 
ȠȖțȠĲİȝĮȤȓȠȣ ʌȠȣ İȓȞĮȚ țȠȚȞȒ ıİ įİįȠȝȑȞȠ ȗİȪȖȠȢ ĮȜȜȘȜȠĲİȝȞȠȝȑȞȦȞ İʌȚʌȑįȦȞ ĮıȣȞİ-
ȤİȚȫȞ. ȅȚ ʌĮȡĮʌȐȞȦ ȩȡȠȚ İʌİȟȘȖȠȪȞĲĮȚ ȖȡĮĳȚțȐ ıĲȠ ȈȤ. 1.9. 

 

 
 
ȈȤ. 1.9. ȆĮȡȠȣıȓĮıȘ ȩȡȦȞ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȖȚĮ ȞĮ ʌİȡȚȖȡȐȥȠȣȞ ĲȘȞ ȖİȦȝİĲȡȓĮ 
ĲİĲȡĮİįȡȚțȠȪ ıĲȠȚȤİȚȫįȠȣȢ ȩȖțȠȣ ʌİĲȡȫȝĮĲȠȢ. 
 
 

īȚĮ ȞĮ ȝʌȠȡİȓ ȞĮ ȝİĲĮțȚȞȘșİȓ ʌȡȠȢ ĲȘȞ ĮȞȠȚțĲȒ İțıțĮĳȒ ȑȞĮȢ ıĲȠȚȤİȚȫįȘȢ ȩȖțȠȢ ʌİ-
ĲȡȫȝĮĲȠȢ țȐĲȦ Įʌȩ ĲȘȞ İʌȓįȡĮıȘ ĲȘȢ ȕĮȡȪĲȘĲȠȢ ʌȡȑʌİȚ ȞĮ ȚțĮȞȠʌȠȚȠȪȞĲĮȚ ȠȚ İȟȒȢ 
ĲȡİȓȢ țȚȞȘȝĮĲȚțȑȢ ıȣȞșȒțİȢ: 

 
1. OȜĮ ĲĮ ȗİȪȖȘ ĲȦȞ İʌȚĳĮȞİȚĮțȫȞ ȖȡĮȝȝȫȞ ĲȠȣ ȠȖțȠĲİȝĮȤȓȠȣ ʌȡȑʌİȚ İȓĲİ ȞĮ İȓȞĮȚ 

ʌĮȡȐȜȜȘȜĮ İȓĲİ ĮʌȠțȜȓȞȠȞĲĮ ĮʌȠ ĲȠ ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ (ȠȡȠĳȒ Ȓ ʌĮȡĮȝȑȞĲĮ). 
2. ȉȠȣȜȐȤȚıĲȠȞ ȝȚĮ İʌȚĳĮȞİȚĮțȒ ȖȡĮȝȝȒ ȠȖțȠĲİȝĮȤȓȠȣ ʌȡȑʌİȚ ȞĮ țȜȓȞİȚ ʌȡȠȢ ĲĮ țȐĲȦ 

Įʌȩ ĲȘȞ ȠȡȚȗȩȞĲȚĮ ʌȡȠȢ ĲȠ ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ. 
3. ȅȜİȢ ȠȚ İʌȚĳĮȞİȚțȑȢ ȖȡĮȝȝȑȢ ĲȠȣ ȠȖțȠĲİȝĮȤȓȠȣ ʌȡȑʌİȚ ȞĮ İțĲİȓȞȠȞĲĮȚ Įʌȩ ĲȘȞ 

țȠȡȣĳȒ ĲȠȣ țĮȚ ȞĮ «ȟİĲȡȣʌȠȪȞ» ıĲȠ ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ. 
 

ǹȞ ȠȚ ʌĮȡĮʌȐȞȦ ĳĮȚȞȠȝİȞȚțȐ «ĲİĲȡȚȝȝȑȞİȢ» țȚȞȘȝĮĲȚțȑȢ ıȣȞșȒțİȢ ȚțĮȞȠʌȠȚȠȪȞĲĮȚ 
țĮȚ ĮȞ ȠȚ įȣȞȐȝİȚȢ įȚĮĲĮȡĮȤȒȢ ȣʌİȡȕĮȓȞȠȣȞ ĲȚȢ įȣȞȐȝİȚȢ ĮȞĲȓıĲĮıȘȢ ĲȩĲİ Ƞ ıĲȠȚȤİȚȫįȘȢ 
ȩȖțȠȢ İȓĲİ șĮ ȠȜȚıșȒıİȚ țĮĲȐ ĲȘȞ ȑȞȞȠȚĮ İʌȚĳĮȞİȚțȒȢ ȖȡĮȝȝȒȢ ĲȠȣ İȓĲİ șĮ țĮĲĮțȡȘ-
ȝȞȚıșİȓ țĮĲȐ ĲȘȞ țĮĲĮțȩȡȣĳȘ ȑȞȞȠȚĮ.  
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ȆĮȡȐįİȚȖȝĮ: ǹȢ șİȦȡȒıȠȣȝİ ıȒȡĮȖȖĮ țȣțȜȚțȒȢ įȚĮĲȠȝȒȢ įȚĮȝȑĲȡȠȣ 8 m ȝİ ȕȪșȚıȘ 0Ƞ 
țĮȚ įȚİȪșȣȞıȘ 0Ƞ ȦȢ ʌȡȠȢ ĲȠ ǺȠȡȡȐ. ȊʌȠșȑĲȠȣȝİ ȩĲȚ Ș ıȒȡĮȖȖĮ ĮȣĲȒ ȠȡȪııİĲĮȚ ıİ 
ĮıȣȞİȤȑȢ ʌȑĲȡȦȝĮ ȝȠȞĮįȚĮȓȠȣ ȕȐȡȠȣȢ 0.027 Ȃȃ/m3 ʌȠȣ įȚĮıȤȓȗİĲĮȚ Įʌȩ ĲȡİȓȢ 
ȠȚțȠȖȑȞİȚİȢ ĮıȣȞİȤİȚȫȞ ȤȦȡȓȢ ıȣȞȠȤȒ ĲȦȞ ȠʌȠȓȦȞ Ƞ ʌȡȠıĮȞĮĲȠȜȚıȝȩȢ, Ș ĮʌȩıĲĮıȘ țĮȚ 
Ƞ ıȣȞĲİȜİıĲȒȢ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ ĳĮȓȞİĲĮȚ ıĲȠȞ ȆȓȞ. 1.1. 
 

 
ȆȓȞĮțĮȢ 1.1 īİȦȝİĲȡȚțȐ țĮȚ ȝȘȤĮȞȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĮıȣȞİȤİȚȫȞ. 

 

ȅȚțȠȖȑȞİȚĮ ȀȜȓıȘ 
(Ƞ) 

ǻȚȑȣșȣȞıȘ 
țȜȓıȘȢ 

(Ƞ) 

ǹʌȩıĲĮıȘ 
(m) 

ȈȣȞĲİȜİıĲȒȢ 
İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ 

(Ƞ) 
ǿ 40 120 1 30 
ǿǿ 80 320 1 30 
ǿǿǿ 60 200 1 30 

 
 

Mİ ȕȐıȘ ĲĮ įİįȠȝȑȞĮ ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ ĲȦȞ ĮıȣȞİȤİȚȫȞ țĮȚ ĲȘȢ ıȒȡĮȖȖĮȢ țĮĲĮ-
ıțİȣȐȗİĲĮȚ Ș ıĲİȡİȠȖȡĮĳȚțȒ ʌȡȠȕȠȜȒ ĮȣĲȫȞ (ȈȤ. 1.10). Ǿ ȕȪșȚıȘ ĲȘȢ ıȒȡĮȖȖĮȢ 
ʌĮȡȠȣ-ıȚȐȗİĲĮȚ ȝİ ĲȠ ıȪȝȕȠȜȠ ĲȠȣ ıĲĮȣȡȠȪ ıİ ĮȣĲȩ ĲȠ įȚȐȖȡĮȝȝĮ İȞȫ Ș ʌȡȠȕȠȜȒ 
ĮȣĲȒȢ ȝİ įȚĮțİțȠȝȝȑȞȘ ȖȡĮȝȝȒ.  

ȀĮĲȩʌȚȞ ĲȠ ȓįȚȠ ʌȡȩȖȡĮȝȝĮ ȣʌȠȜȠȖȓȗİȚ ĲȚȢ ȝİȖĮȜȪĲİȡİȢ įȣȞĮĲȑȢ ıĳȒȞİȢ ʌȠȣ ȝʌȠ-
ȡȠȪȞ ȞĮ ȝİĲĮĲȠʌȚıșȠȪȞ İȞĲȩȢ ĲȘȢ İțıțĮĳȒȢ, țĮȚ ȖȚĮ țȐșİ ȝȓĮ Įʌȩ ĮȣĲȑȢ ĲȠ ȕȐȡȠȢ ĲȘȢ 
țĮȚ ĲȠȞ ĮȞĲȓıĲȠȚȤȠ ıȣȞĲİȜİıĲȒ ĮıĳĮȜİȓĮȢ. ȅȚ ȣʌȠȜȠȖȚıȝȠȓ ĮȣĲȠȓ ĳĮȓȞȠȞĲĮȚ ıĲȠ ȈȤ. 
1.11.  
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ȈȤ. 1.10. ȆȡȠıĮȞĮĲȠȜȚıȝȩȢ ĲȡȚȫȞ ȠȚțȠȖİȞİȚȫȞ ĮıȣȞİȤİȚȫȞ țĮȚ țȣțȜȚțȒȢ ıȒȡĮȖȖĮȢ ʌȠȣ ȠȡȓȗȠȣȞ 
ȑȟȚ ĲİĲȡĮİįȡȚțȠȪȢ ıĲȠȚȤİȚȫįİȚȢ ȩȖțȠȣȢ . 

 
ȈĲȠ ȈȤ. 1.12 ʌĮȡȠȣıȚȐȗȠȞĲĮȚ įȚȐĳȠȡİȢ ĲȠȝȑȢ ĲȘȢ İțıțĮĳȒȢ ȝİ ĲȘȞ ıĳȒȞĮ ȃȠ. 1. ȅ 

ȆȓȞ. 2 ʌĮȡȠȣıȚȐȗİȚ ĲȠȣȢ ȣʌȠȜȠȖȚıȝȠȪȢ ʌȠȣ ȝʌȠȡȠȪȞ ȞĮ ȖȓȞȠȣȞ ȖȚĮ țȐșİ ıĳȒȞĮ. īȚĮ ĲȘȞ 
ıȣȖțȡȐĲȘıȘ ĲȘȢ ȣʌȩȥȘȞ ıĳȒȞĮȢ ʌȠȣ İʌȚįİȚțȞȪİȚ ȝȘįİȞȚțȩ ıȣȞĲİȜİıĲȒ ĮıĳĮȜİȓĮȢ 
ȝʌȠȡȠȪȞ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ İȓĲİ țȠȤȜȓİȢ İȓĲİ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ. 
  
 
ȆȓȞĮțĮȢ 1.2. ǺĮıȚțȐ ȖİȦȝİĲȡȚțȐ ıĲȠȚȤİȓĮ ĲȘȢ ıĳȒȞĮȢ ȃȠ. 1. 
 

ǼȝȕĮįȩȞ İțĲİșİȚȝȑȞȘȢ İʌȚĳȐȞİȚĮȢ 
ĲȘȢ ıĳȒȞĮȢ [m2] 3.32868 

OȖțȠȢ ĲȘȢ ıĳȒȞĮȢ [m3] 1.04669 
ȊȥȠȢ țȠȡȣĳȒȢ ĲȘȢ ıĳȒȞĮȢ [m] 1.07664 
ȈȣȞĲİȜİıĲȒȢ ĮıĳĮȜİȓĮȢ 0.00000 
MȒțȠȢ țĮĲȐ ĲȠȞ ȐȟȠȞĮ – z [m]3 3.62294 

 
 
 

 
 

ȈȤ. 1.11. Ǿ ȠșȩȞȘ «view wedges» ʌȠȣ ʌĮȡȠȣıȚȐȗİȚ ʌȡȠȠʌĲȚțȫȢ ĲȚȢ ʌȚșĮȞȑȢ ıĳȒȞİȢ ʌȠȣ 
ıȤȘȝĮĲȓȗȠȞĲĮȚ ıĲĮ ıȪȞȠȡĮ ĲȘȢ ıȒȡĮȖȖĮȢ, țĮȚ ȖȚĮ țȐșİ ʌȚșĮȞȒ ıĳȒȞĮ ĲȠ ȕȐȡȠȢ ĲȘȢ ĲȠȞ ʌȚșĮȞȩ 
ĲȡȩʌȠ ĮıĲȠȤȓĮȢ țĮȚ ĲȠ ıȣȞĲİȜİıĲȒ ĮıĳȐȜİȚĮȢ. 
  

                                                 
3 ǼȜȐȤȚıĲȠ ĮȞȣʌȠıĲȒȡȚțĲȠ ȝȒțȠȢ ĲȘȢ ıȒȡĮȖȖĮȢ ĲȠ ȠʌȠȓȠ ȝʌȠȡİȓ ȞĮ ȝİȚȦșİȓ șİȦȡȫȞĲĮȢ ȝȚțȡȩĲİȡȘ 
ʌȡȠȤȫȡȘıȘ ĲȘȢ ıȒȡĮȖȖĮȢ ȝİ įȚȐĲȡȘıȘ-ĮȞĮĲȓȞĮȟȘ. 
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ȈȤ. 1.12. Ǿ ȠșȩȞȘ «results» ȖȚĮ ĮȞȐȜȣıȘ ıȣȖțİțȡȚȝȑȞȘȢ ıĳȒȞĮȢ ʌİĲȡȫȝĮĲȠȢ ʌȠȣ ȑȤİȚ İʌȚȜİȤșİȓ 
Įʌȩ ĲȘȞ ȠșȩȞȘ «view wedges». 
 
ȅʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 1.12* ȝȚĮ ȐȜȜȘ ȝȠȡĳȒ ĮıĲȠȤȓĮȢ İȓȞĮȚ ĮȣĲȒ ıĲȪȜȦȞ ʌİĲȡȫȝĮĲȠȢ 
ʌȠȣ įȚĮĲȑȝȞȠȞĲĮȚ Įʌȩ ĮıȣȞȑȤİȚİȢ. 
 

 
 

ȈȤ. 1.12*. ǹıĲȠȤȓĮ ıĲȪȜȠȣ ʌİĲȡȫȝĮĲȠȢ ȝİ ĲȘ ȝȠȡĳȒ įȚȐĲȝȘıȘȢ İʌȓ ʌȡȠȨʌȐȡȤȠȞĲȠȢ İʌȚʌȑįȠȣ 
ĮıȣȞİȤİȓĮȢ. 
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ȆȡȚȞ ĲȘȞ İțıțĮĳȒ ȝȚĮȢ ıȒȡĮȖȖĮȢ ĲȠ İʌȓ ĲȩʌȠȣ İȞĲĮĲȚțȩ ʌİįȓȠ İȓȞĮȚ țĮĲȐ ʌȐıĮ ʌȚșĮ-
ȞȩĲȘĲĮ ĮȞȚıȩĲȡȠʌȠ (ȕȜ. ȀİĳȐȜĮȚȠ 3). Ǿ İȟȩȡȣȟȘ ĲȘȢ ıȒȡĮȖȖȠȢ İțĲȠȞȫȞİȚ țȐʌȠȚĮ ıȣȞȚ-
ıĲȫıĮ ĲȘȢ ĲȐıȘȢ (ĲȠȣȜȐȤȚıĲȠȞ ȝȓĮ) țĮȚ ĮȞȣȥȫȞİȚ ȐȜȜȘ. ȅʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 1.12Į.Į 
İʌȓ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ ıȒȡĮȖȖĮȢ Ș ȝȓĮ țȪȡȚĮ ĲȐıȘ ȖȓȞİĲĮȚ ȝȘįȑȞ İȞȫ ĮȣȟȐȞİȚ Ș ȐȜȜȘ. ǹȣ-
Ĳȩ ȑȤİȚ ıĮȞ ĮʌȠĲȑȜİıȝĮ ĲȘȞ ĮȪȟȘıȘ ĲȘȢ ȝȑȖȚıĲȘȢ įȚĮĲȝȘĲȚțȒȢ ĲȐıȘȢ ıĲȠ ıȪȞȠȡȠ ĲȘȢ 
İțıțĮĳȒȢ ʌȠȣ ȝʌȠȡİȓ ȞĮ ȠįȘȖȒıİȚ ĲȠʌȚțȐ ıİ ĮıĲȠȤȓĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ȩĲĮȞ ȣʌİȡȕİȓ ĲȘȞ 
ĲİȜȚțȒ ʌİȡȚȕȐȜȜȠȣıĮ ĮıĲȠȤȓĮȢ ĲȪʌȠȣ Mohr-Coulomb (ȈȤ. 1.12Į.ȕ). Ǿ ȤȡȠȞȚțȒ 
ȝİĲĮȕȠȜȒ ĲȦȞ İʌȓ ĲȩʌȠȣ țȣȡȓȦȞ ĲȐıİȦȞ ȖȚĮ ĲȠ ʌĮȡȐįİȚȖȝĮ ʌȠȣ ĮȞĮĳȑȡĮȝİ ȝʌȠȡİȓ ȞĮ 
İȓȞĮȚ ĮȣĲȒ ʌȠȣ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 1.12Į.Ȗ. 

 
 

 
(Į) 

 

 
(ȕ) 
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(Ȗ) 
 

ȈȤ. 1.12Į. (Į) ȉĮıȚțȒ įȚĮįȡȠȝȒ ıĲȠ İʌȓʌİįȠ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ ıȘȝİȓȠȣ İʌȓ ĲȠȣ ıȣȞȩȡȠȣ țĮĲȐ 
ĲȘȞ İȟȩȡȣȟȘ ıȒȡĮȖȖȠȢ. (ȕ) ǻȚĮıĲȠȜȒ ĲȠȣ țȪțȜȠȣ ĲȠȣ Mohr țĮĲȐ ĲȘȞ ıĲĮįȚĮțȒ İȟȩȡȣȟȘ ĲȘȢ 
ıȒȡĮȖȖȠȢ. (Ȗ) ȋȡȠȞȚțȒ ȝİĲĮȕȠȜȒ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ țĮĲȐ ĲȘȞ İȟȩȡȣȟȘ ıȒȡĮȖȖȠȢ. 

 
 

Ȉİ ȝİȖȐȜĮ ȕȐșȘ țĮȚ ȖȚĮ İȜĮıĲȚțȐ-ȥĮșȣȡȐ ʌİĲȡȫȝĮĲĮ, ĮʌĮȚĲİȓĲĮȚ Ș İȜİȖȤȩȝİȞȘ 
ĮıĲȠȤȓĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ (ȈȤ. 1.12Ȗ. Į,ȕ) ĮȜȜȚȫȢ Ș ĮʌĮȚĲȠȪȝİȞȘ ʌȓİıȘ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ, 
S, İȓȞĮȚ ȝȘ-ȡİĮȜȚıĲȚțȐ ȝİȖȐȜȘ (ȕȜ. ȈȤ. 1.12ȕ.Į,ȕ).  
 

 
(Į) 
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(ȕ) 

 
ȈȤ. 1.12ȕ. (Į) ȀĮĲĮȞȠȝȒ ĲȦȞ İȜĮıĲȚțȫȞ ĮțĲȚȞȚțȫȞ țĮȚ İĳĮʌĲȠȝİȞȚțȫȞ ĲȐıİȦȞ ȝİ ĲȘȞ ĮʌȩıĲĮıȘ 
Įʌȩ țȣțȜȚțȒ ıȒȡĮȖȖĮ ıİ ȚıȩĲȡȠʌȠ İʌȓ ĲȩʌȠȣ İȞĲĮĲȚțȩ ʌİįȓȠ p. (ȕ) ȊʌȠȜȠȖȚıȝȩȢ ĲȘȢ ʌȓİıȘȢ ĲȘȢ 
ȣʌȠıĲȒȡȚȟȘȢ S ʌȠȣ ĮʌĮȚĲİȓĲĮȚ ȖȚĮ ĲȘȞ İȣıĲȐșİȚĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ĲȠ ȠʌȠȓȠ ȣʌĮțȠȪİȚ ıİ ȞȩȝȠ 
ĮıĲȠȤȓĮȢ Mohr-Coulomb ȝİ tension cut-off. 

 
 
 

 
(Į) 
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(ȕ) 
 
ȈȤ. 1.12Ȗ. (Į) ǹȞĮįȚĮȞȠȝȒ ĲȦȞ ĲȐıİȦȞ țĮĲȐ ĲȘȞ ĮıĲȠȤȓĮ ĲȘȢ ıȒȡĮȖȖȠȢ (ȝȘ-İȜĮıĲȚțȑȢ) țĮȚ (ȕ) 
ĲĮıȚțȒ įȚĮįȡȠȝȒ ıȘȝİȓȠȣ ıĲȠ ıȪȞȠȡȠ ĲȘȢ ıȒȡĮȖȖȠȢ. 
 

 
ȆȐȞȦ ı’ĮȣĲȒȞ ĲȘȞ ʌĮȡĮĲȒȡȘıȘ (ȈȤ. 1.12Ȗ) ȕĮıȓȗİĲĮȚ țĮȚ Ș ĳȚȜȠıȠĳȓĮ ĲȘȢ ȃǹȉȂ 

(ȃew Austrian Tunnelling Method) ʌȠȣ İĳĮȡȝȩȗİĲĮȚ țȣȡȓȦȢ ıİ ĮıĲĮșȒ İįȐĳȘ / ʌİĲȡȫ-
ȝĮĲĮ, įȘȜ.: 
 
“….ʌȡȑʌİȚ ȞĮ İʌȚĲȡĮʌȠȪȞ ȠȚ ʌĮȡĮȝȠȡĳȫıİȚȢ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ ıĲȘ ȖİȚĲȠȞȚȐ ĲȠȣ 
ȣʌȠȖİȓȠȣ ȑȡȖȠȣ ıİ ĲȑĲȠȚȠ ȕĮșȝȩ ȫıĲİ ȞĮ İȞİȡȖȠʌȠȚȘșİȓ Ș ĮȞĲȓįȡĮıȘ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ 
țĮȚ ȞĮ ıȤȘȝĮĲȚıșİȓ įĮțĲȪȜȚȠȢ ĳİȡȠȣıȫȞ ĲȐıİȦȞ ȖȪȡȦ Įʌȩ ĲȠ ȐȞȠȚȖȝĮ ĲȠ ȠʌȠȓȠ ĲİȜȚțȐ 
șĮ ĲȠ ʌȡȠıĲĮĲİȪıİȚ Įʌȩ ĲȘȞ ĮıĲȠȤȓĮ…”. 
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ȈȤ. 1.12į. ǹȜȜȘȜȠįȚĮįȠȤȒ țĮĲĮıțİȣĮıĲȚțȫȞ İȞİȡȖİȚȫȞ ıȒȡĮȖȖĮȢ țĮĲȐ ĲȘȞ ȃǹȉȂ (Rabcewicz, 
1965). 
 
 

Ǿ țĮțȒ İțĲȓȝȘıȘ ĲȦȞ ʌȡĮȖȝĮĲȚțȫȞ ıȣȞșȘțȫȞ ʌȠȣ İʌȚțȡĮĲȠȪȞ ıİ ȑȞĮ ȣʌȩȖİȚȠ ȑȡȖȠ 
ȝİ ʌȚșĮȞȩĲȘĲĮ ĮıĲȠȤȓĮȢ ĲȠȣ ȖȓȞİĲĮȚ ȜȩȖȦ ʌĲȦȤȒȢ ȖȞȫıȘȢ ĲȦȞ ȝȘȤĮȞȚıȝȫȞ ʌĮȡĮȝȩȡ-
ĳȦıȘȢ, ĮıĲȠȤȓĮȢ țĮȚ ĮıĲȐșİȚĮȢ. ȍȢ ʌĮȡȐįİȚȖȝĮ ʌĮȡȠȣıȚȐȗİĲĮȚ Ș ĮıĲȠȤȓĮ ĮȞȣʌȠıĲȒȡȚ-
țĲȘȢ ıĲȠȐȢ ıİ ĮįĮȝĮȞĲȠȡȣȤİȓȠ ĲȘȢ ȃ. ǹĳȡȚțȒȢ ʌȠȣ İțįȘȜȫȞİĲĮȚ ȝİ ĲȘ ȝȠȡĳȒ «ĮʌȠȜȑ-
ʌȚıȘȢ» Ȓ ĮʌȠĳȜȠȓȦıȘȢ ĲȦȞ ʌĮȡİȚȫȞ ĲȘȢ İȟĮȚĲȓĮȢ ȝİȖĮȜȪĲİȡȘȢ țĮĲĮțȩȡȣĳȘȢ ĲȐıȘȢ Įʌȩ 
ĲȘȞ ȠȡȚȗȩȞĲȚĮ ĲȐıȘ (ȈȤ. 1.13 Į, ȕ). 
 

 
(Į) 
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(ȕ) 

 
ȈȤ. 1.13. (Į,ȕ) ǹıĲȠȤȓĮ ıĲȠȐȢ ȝİ ĲȘȞ ȝȠȡĳȒ ĮʌȠȜȑʌȚıȘȢ țĮȚ ȤĮȡĮțĲȘȡȚıĲȚțȫȞ șȡĮȪıİȦȞ 
ĮȞĲȚįȚĮȝİĲȡȚțȐ ıĲȚȢ ʌĮȡȣĳȑȢ ĲȘȢ. 
 

ȆĮȡȩȝȠȚȠȢ ȝȘȤĮȞȚıȝȩȢ ĮıĲȠȤȓĮȢ ȝİ ĮʌȠȜȑʌȚıȘ ʌȠȣ İțțȚȞİȓ ĮȞĲȚįȚĮȝİĲȡȚțȐ ĲȠȣ ıȣ-
ȞȩȡȠȣ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ ȩʌȦȢ ıĲȚȢ ıȒȡĮȖȖİȢ ʌĮȡĮĲȘȡİȓĲĮȚ țĮȚ ıİ ȕĮșİȚȑȢ ȖİȦĲȡȒıİȚȢ ʌİ-
ĲȡİȜĮȓȠȣ. ȈĲȠ ȈȤ. 1.13Ȗ ʌĮȡȠȣıȚȐȗİĲĮȚ ĮȣĲȩȢ Ƞ ĲȪʌȠȢ ĮıĲȠȤȓĮȢ ıİ įȚĮįȠȤȚțȐ ıĲȐįȚĮ 
ĮȞȐ-ʌĲȣȟȘȢ ĲȠȣ. ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ ıĲȘȞ ʌİȡȓʌĲȦıȘ ĮȣĲȒ Ș įȚȐįȠıȘ ĲȘȢ șȡĮȪıȘȢ ȝİ ĲȘ 
ȝȠȡĳȒ ĮȞĲȚįȚĮȝİĲȡȚțȫȞ İȖțȠʌȫȞ ıĲȠ ʌȑĲȡȦȝĮ İȓȞĮȚ İȣıĲĮșȒȢ, įȘȜĮįȒ ȖȚĮ ĲȘȞ 
ʌİȡĮȚĲȑȡȦ įȚȐįȠıȘ ĲȘȢ ȤȡİȚȐȗİĲĮȚ ĮȣȟȘșİȓ Ș İȟȦĲİȡȚțȒ İȞȑȡȖİȚĮ ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıĲȠ 
ʌȑĲȡȦȝĮ. 
 

         
 

 
 
ȈȤ. 1.13Ȗ. ǻȚĮįȠȤȚțȐ ıĲȐįȚĮ įȚȐįȠıȘȢ șȡĮȪıȘȢ țȣțȜȚțȠȪ-țȣȜȚȞįȡȚțȠȪ ĮȞȠȓȖȝĮĲȠȢ ıİ ȥĮȝȝȓĲȘ ıİ 
įȠțȓȝȚȠ ʌȠȣ ȣʌȠȕȐȜȜİĲĮȚ ıİ ȚıȩĲȡȠʌȘ ʌȓİıȘ. 
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ǲȞĮ Įʌȩ ĲĮ ȝİȖĮȜȪĲİȡĮ ʌȡȠȕȜȒȝĮĲĮ ʌȠȣ ȝʌȠȡİȓ ȞĮ ʌȡȠțȪȥȠȣȞ țĮĲȐ ĲȘȞ ĳȐıȘ ĲȘȢ 
țĮĲĮıțİȣȒȢ ĮȕĮșȫȞ ıȘȡȐȖȖȦȞ İȓȞĮȚ Ș ĮıĲȠȤȓĮ ĲȠȣ ȝİĲȫʌȠȣ İțıțĮĳȒȢ. Ǿ țĮĲĮıțİȣȒ 
ĮȕĮșȫȞ ıȘȡȐȖȖȦȞ įİȞ İȓȞĮȚ ȓįȚĮ ȩʌȦȢ ȠȚ İʌȚĳĮȞİȚĮțȑȢ ȖİȦĲİȤȞȚțȑȢ țĮĲĮıțİȣȑȢ, ȩʌȠȣ 
İʌȑȡȤİĲĮȚ ĳȣıȚțȒ ȚıȠȡȡȠʌȓĮ įȣȞȐȝİȦȞ, ȝİĲĮȟȪ ĲȘȢ țĮĲĮıțİȣȒȢ țĮȚ ĲȠȣ İįȐĳȠȣȢ, ȝİĲȐ 
Įʌȩ ĲȘȞ ȠȜȠțȜȒȡȦıȘ ĲȘȢ țĮĲĮıțİȣȒȢ ȝİ ĲȘȞ İȝĳȐȞȚıȘ ʌİʌİȡĮıȝȑȞȦȞ ıȣȞȒșȦȢ 
țĮșȚȗȒıİȦȞ ʌȠȣ İȓȞĮȚ ĮȞĮȖțĮȓİȢ ȖȚĮ ĲȘȞ ʌĮȡĮȜĮȕȒ ĲȦȞ ĳȠȡĲȓȦȞ. ȈĲȚȢ ȣʌȩȖİȚİȢ 
țĮĲĮıțİȣȑȢ ȩʌȦȢ ȠȚ ıȒȡĮȖȖİȢ ȖȓȞİĲĮȚ ȑȞĲȠȞȘ įȚĮĲĮȡĮȤȒ ĲȘȢ ȣʌȐȡȤȠȣıĮȢ ȚıȠȡȡȠʌȓĮȢ, 
ʌȠȣ ıȣȞȓıĲĮĲĮȚ țȣȡȓȦȢ ıĲȘȞ ĮĳĮȓȡİıȘ İįĮĳȚțȫȞ ȝĮȗȫȞ țĮȚ ĲȘȞ įȘȝȚȠȣȡȖȓĮ İȞȩȢ 
ĲȡȚıįȚȐıĲĮĲȠȣ țİȞȠȪ . ȅȚ ȑțĲĮıȘ țĮȚ ȑȞĲĮıȘ ĲȘȢ ʌȡȠıȤİįȚĮıȝȑȞȘȢ ĮȣĲȒȢ įȚĮĲĮȡĮȤȒȢ 
įİȞ İȓȞĮȚ ĮțȩȝĮ ʌȜȒȡȦȢ țĮĲĮȞȠȘĲȑȢ. 

ǲȞĮ ȐȜȜȠ ȤĮȡĮțĲȘȡȚıĲȚțȩ ĲȦȞ ȣʌȩȖİȚȦȞ țĮĲĮıțİȣȫȞ İȓȞĮȚ, ȩĲȚ ĲȠ ıĲȐįȚȠ ıĲȠ 
ȠʌȠȓȠ ʌĮȡĮĲȘȡİȓĲĮȚ Ș ȝȑȖȚıĲȘ ʌĮȡĮȜĮȕȒ ĳȠȡĲȚȫȞ Įʌȩ ĲȘȞ țĮĲĮıțİȣȒ įİȞ ȕȡȓıțİĲĮȚ 
ȠȪĲİ ıĲȘȞ ȑȞĮȡȟȘ ĲȦȞ İȡȖĮıȚȫȞ ĮȜȜȐ ȠȪĲİ ıĲȠ ʌȑȡĮȢ ĮȣĲȫȞ. ȉȠ ıĲȐįȚȠ ʌȠȣ ȝİıȠȜĮȕİȓ 
ĮȞȐȝİıĮ ıĲĮ įȣȠ ʌȡȠĮȞĮĳİȡșȑȞĲĮ İȓȞĮȚ ĮȣĲȩ ʌȠȣ ʌĮȡȠȣıȚȐȗİȚ ĲȘ ȝȑȖȚıĲȘ 
İʌȚțȚȞįȣȞȩĲȘĲĮ. īȚĮ ȞĮ țĮĲĮȞȠȒıİȚ țĮȞİȓȢ ʌȠıȩ ‘İȣĮȓıșȘĲȠ’ İȓȞĮȚ ĮȣĲȩ ĲȠ İȞįȚȐȝİıȠ 
ıĲȐįȚȠ, Įȡțİȓ ȞĮ țĮĲĮȜȐȕİȚ ȩĲȚ Ș ıȦıĲȒ ȣʌȠıĲȒȡȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ țĮȚ Ș ʌȡȠțȪʌĲȠȣıĮ 
ĮȞĮțĮĲĮȞȠȝȒ ĲȦȞ ĲȐıİȦȞ ȖȪȡȦ Įʌȩ ĮȣĲȒȞ İȓȞĮȚ ȠȚ ʌĮȡȐȖȠȞĲİȢ ʌȠȣ țĮșȠȡȓȗȠȣȞ țĮȚ ĲȠ 
ȤȡȩȞȠ ȗȦȒȢ ĲȘȢ. Ǿ ȣʌȠıĲȒȡȚȟȘ țĮȚ ʌĮȡĮȜĮȕȒ ĲȦȞ ĳȠȡĲȓȦȞ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ȝİ ĲȡİȓȢ 
įȚĮĳȠȡİĲȚțȠȪȢ ĲȡȩʌȠȣȢ (ȈȤȒȝĮ 1.14): 

x ȊʌȠıĲȒȡȚȟȘ ıĲȠ ȝȑĲȦʌȠ ĲȘȢ ıȒȡĮȖȖĮȢ 
x ȊʌȠıĲȒȡȚȟȘ ȝʌȡȠıĲȐ Įʌȩ ĲȠ ȝȑĲȦʌȠ 

 
(Į)                                    (ȕ) 

 
ȈȤȒȝĮ 1.14: Į) ȊʌȠıĲȘȡȚȗȩȝİȞȠ ȝȑĲȦʌȠ  (ȕ) ȊʌȠıĲȘȡȚȗȩȝİȞȠ ȕȒȝĮ İțıțĮĳȒȢ (forepoling) 

 
 
ȂȑȤȡȚ ĲȘȞ įİțĮİĲȓĮ ĲȠȣ 1970 įİȞ İȓȤĮȞ ĮʌȠțĲȘșİȓ ʌȠȜȜȐ įİįȠȝȑȞĮ ıȤİĲȚțȐ ȝİ ĲȘȞ 
ȝİĲĮțȓȞȘıȘ ĲȦȞ İįĮĳȫȞ ȖȪȡȦ Įʌȩ ĲȘȞ ıȒȡĮȖȖĮ. ǹʌȩ ĲȩĲİ ȝȑȤȡȚ ıȒȝİȡĮ ĲĮ įİįȠȝȑȞĮ 
ȠȜȠȑȞĮ țĮȚ ĮȣȟȐȞȠȣȞ ĮȜȜȐ Ș ĮȜȜĮȖȒ İʌȒȜșİ țȣȡȓȦȢ ȤȐȡȘ ıĲȚȢ ȝİĲȡȒıİȚȢ ʌȠȣ ȑȖȚȞĮȞ 
ıĲȚȢ ıȒȡĮȖȖİȢ ĲȘȢ ǺĮȜĲȚȝȩȡȘȢ țĮȚ ĲȘȢ ȅȣȐıȚȞțĲȩȞ D.C. Ǽțİȓ ȠȡȓıĲȘțĮȞ ȠȚ ĮțȩȜȠȣșİȢ 
ʌȠıȩĲȘĲİȢ (Bickel,O.John ):  

x ȂİĲĮȕȠȜȒ ĲȠȣ ȩȖțȠȣ (ǻV), įȘȜĮįȒ Ș ĮȪȟȘıȘ Ȓ ȝİȓȦıȘ ĲȠȣ ȩȖțȠȣ ĲȦȞ ȖĮȓȦȞ 
ȜȩȖȦ ĲȘȢ įȓĮȞȠȚȟȘȢ ĲȘȢ ıȒȡĮȖȖĮȢ. 

x ȂİĲĮȕȠȜȒ ĲȠȣ ȩȖțȠȣ ȖĮȚȫȞ ıĲȘȞ İʌȚĳȐȞİȚĮ (Vs) 
x ȂİĲĮȕȠȜȒ ĲȠȣ ȩȖțȠȣ ȖĮȚȫȞ  ıĲȠ ȝȑĲȦʌȠ ĲȘȢ ıȒȡĮȖȖĮȢ (VL) 

Ǿ ıȤȑıȘ ȝİĲĮȟȪ ĲȦȞ ĲȡȚȫȞ ʌĮȡĮʌȐȞȦ ȩȖțȦȞ İȓȞĮȚ ʌȠȜȪʌȜȠțȘ țĮȚ įİȞ ȑȤİȚ 
ȟİțĮșĮȡȚıĲİȓ ĲİȜİȓȦȢ (ȈȤȒȝĮ 1.15). ȆĮȡȩȜĮ ĮȣĲȐ ıĲȚȢ ʌİȡȚııȩĲİȡİȢ ĲȦȞ ʌİȡȚʌĲȫıİȦȞ 
ȖȓȞİĲĮȚ Ș ȣʌȩșİıȘ ȩĲȚ Ș ȝİĲĮȕȠȜȒ ĲȠȣ ȩȖțȠȣ ıĲȘȞ İʌȚĳȐȞİȚĮ ȜȩȖȦ ĲȘȢ ȣʌȠȤȫȡȚıȘȢ 
İȓȞĮȚ ȓįȚĮ ȝİ ĲȘȞ ȝİĲĮȕȠȜȒ ĲȠȣ ȩȖțȠȣ ıĲȠ ȝȑĲȦʌȠ ĲȘȢ ıȒȡĮȖȖĮȢ. Ǿ ȣʌȩșİıȘ ĮȣĲȒ 
İȓȞĮȚ ĮʌȩȡȡȠȚĮ ĲȘȢ ĮȡȤȒȢ įȚĮĲȒȡȘıȘȢ ĲȘȢ ȝȐȗĮȢ țĮȚ ȕȡȓıțİȚ İĳĮȡȝȠȖȒ ıĲȚȢ 
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ʌİȡȚııȩĲİȡİȢ ĲȦȞ ʌİȡȚʌĲȫıİȦȞ, ȠʌȠȪ Ș İȝĳĮȞȚȗȩȝİȞȘ ĮȪȟȘıȘ Ȓ ȝİȓȦıȘ ĲȠȣ ȩȖțȠȣ 
İȓȞĮȚ ĮȝİȜȘĲȑĮ (ʌ.Ȥ. ĮȡȖȚȜȚțȐ ȣȜȚțȐ). 
 
 

 
ȈȤȒȝĮ 1.15 ȈȤȘȝĮĲȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ ĲȦȞ ĲȡȚȫȞ ȠȖțȠȝİĲĮȕȠȜȫȞ (Bickel,O.John ) 

 
 

ȈĲȠ ȈȤȒȝĮ 1.16 ĳĮȜȓȞİĲĮȚ Ș įȘȝȚȠȣȡȖȓĮ İʌȚĳĮȞİȚĮțȠȪ țȡĮĲȒȡĮ ʌȠȣ İȓȞĮȚ ĲȠ 
ĮʌȠĲȑȜİıȝĮ ȝȓĮȢ țĮĲȐȡȡİȣıȘȢ ȝİĲȫʌȠȣ ıȒȡĮȖȖĮȢ țĮĲȐ ĲȘȞ ĳȐıȘ țĮĲĮıțİȣȒȢ. Ǿ 
ıȒȡĮȖȖĮ İȓȤİ įȚȐȝİĲȡȠ ʌİȡȓ ĲĮ 4m țĮȚ ȕȐșȠȢ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ 16m . ȅ țȡĮĲȒȡĮȢ 
ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ ȠįȠıĲȡȫȝĮĲȠȢ İȓȤİ ʌİȡȓʌȠȣ İȜȜİȚʌĲȚțȩ ȓȤȞȠȢ ȝİ ĲȠ ȝȒțȠȢ ĲȠȣ 
ȝİȖȐȜȠȣ țĮȚ ȝȚțȡȠȪ ȐȟȠȞĮ ȖȪȡȦ ıĲĮ 12m țĮȚ 6.5m ĮȞĲȓıĲȠȚȤĮ. ǹʌȩ ĲȠȞ ȩȖțȦȞ ĲȦȞ 
İįĮĳȚțȫȞ ȣȜȚțȫȞ ʌȠȣ İȚıȑȡȡİȣıĮȞ ıĲȘȞ ıȒȡĮȖȖĮ ȑȖȚȞİ ȝȓĮ ʌȡȫĲȘ ʌȡȠıİȖȖȚıĲȚțȒ 
İțĲȓȝȘıȘ ĲȠȣ ȩȖțȠȣ ĲȘȢ țȡĮĲȒȡĮ ĲȘȢ țĮĲȐʌĲȦıȘȢ (ȈȤȒȝĮ 1.17). 

 
ȈȤȒȝĮ 1.16: ǼȝĳȐȞȚıȘ İʌȚĳĮȞİȚĮțȠȪ țȡĮĲȒȡĮ ȜȩȖȦ țĮĲȐȡȡİȣıȘȢ ĲȠȣ ȝȑĲȦʌȠȣ ȝȓĮȢ ıȒȡĮȖȖĮȢ 

țĮĲĮ ĲȘȞ ĳȐıȘ İțıțĮĳȒȢ. 
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ȈȤȒȝĮ 1.17: ǼțĲȓȝȘıȘ țȫȞȠȣ ĮıĲȠȤȓĮȢ Įʌȩ ĲȠ ȚıȠȗȪȖȚȠ ȝĮȗȫȞ (ǿ.ǺĮȡįȠȣȜȐțȘȢ, 2006) 
 
ȈȣȞȠȥȓȗȠȞĲĮȢ, ĲĮ İȡȦĲȒȝĮĲĮ ʌȠȣ ĮĳȠȡȠȪȞ ĲȘȞ ĮıĲȠȤȓĮ ĲȦȞ ĮȞȠȚȖȝȐĲȦȞ İȓȞĮȚ: 

1. ȆȠȚȩȢ İȓȞĮȚ Ƞ ȝȘȤĮȞȚıȝȩȢ ĮıĲȠȤȓĮȢ ʌȠȣ șĮ ʌȡȠıįȚȠȡȓıİȚ țĮȚ ĲȠ țĮĲĮȜȜȘȜȩĲİȡȠ 
țȡȚĲȒȡȚȠ ĮıĲȠȤȓĮȢ; 

2. ȉȠ ȝȘȤĮȞȚțȩ ȝȠȞĲȑȜȠ ʌȡȠȕȜȑʌİȚ ĲȠ ĳĮȚȞȩȝİȞȠ țȜȓȝĮțȠȢ (įȘȜĮįȒ ȩȝȠȚĮ ĮȜȜȐ 
ȝİȖĮȜȪĲİȡĮ ıİ įȚĮıĲȐıİȚȢ ȝȠȞĲȑȜĮ șĮ ĮıĲȠȤȒıȠȣȞ ıİ ȝȚțȡȩĲİȡĮ ĳȠȡĲȓĮ); 

3. ȆȠȚȩȢ İȓȞĮȚ Ƞ ȝȘȤĮȞȚıȝȩȢ ĲȘȢ İȣıĲĮșȠȪȢ țĮȚ ĲȘȢ ĮıĲĮșȠȪȢ șȡĮȪıİȦȢ; 
4. ȆȠȚȩȢ İȓȞĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ ĮıĳĮȜİȓĮȢ İȞȩȢ ȣʌȠȖİȓȠȣ ȑȡȖȠȣ; 
 
 
1.2 ǹȞȐȜȣıȘ ǹıĲȠȤȓĮȢ ȊʌȠȖİȓȦȞ ǲȡȖȦȞ ȝİ ĲȘ ǺȠȒșİȚĮ ĲȘȢ ȅȡȚĮțȒȢ 

ǹȞȐȜȣıȘȢ 
 
1.2.1 ȉȠ ȆȡȩȕȜȘȝĮ ĲȠȣ ȊʌȠıĲȘȡȚȖȝȑȞȠȣ ȂİĲȫʌȠȣ ıİ ǼʌȓʌİįȘ ȆĮȡĮȝȩȡĳȦıȘ (Pla-

ne Strain Heading Problem) 
 

ĬİȦȡȠȪȝİ ıĲȠȐ ĮțĲȓȞĮȢ r ʌȠȣ ȕȡȓıțİĲĮȚ ıİ ȕȐșȠȢ h, ȣʌȠıĲȘȡȚȖȝȑȞȘ ȝİ ʌȓİıȘ p İʌȓ 
ĲȠȣ ȝİĲȫʌȠȣ țĮȚ ʌȓİıȘ q İʌȓ ĲȘȢ İʌȚĳȐȞİȚĮȢ ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 1.18. ǼʌȓıȘȢ 
șİȦȡİȓĲĮȚ ȩĲȚ ĲȠ ȖİȦȨȜȚțȩ İȓȞĮȚ ıȣȞİțĲȚțȩ įȘȜ. Ș įȚĮĲȝȘĲȚțȒ ĮȞĲȠȤȒ ĲȠȣ (ıȣȞȠȤȒ) c 
İȓȞĮȚ ȠȝȠȚȩȝȠȡĳȘ ( 0,0c  Mz , Tresca ȣȜȚțȩ), ȩʌȠȣ ĳ Ș ȖȦȞȓĮ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ. 
ǽȘĲȠȪȝİ ĲȘȞ ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ p ȫıĲİ ĲȠ ȝȑĲȦʌȠ ȞĮ ȝȘȞ țĮĲĮȡȡİȪıİȚ ȖȚĮ ĲȘȞ 
ʌİȡȓʌĲȦıȘ ʌȠȣ 0c/r zJ , ȩʌȠȣ Ȗ = ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȠȣ ȖİȦȨȜȚțȠȪ. 
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ȈȤȒȝĮ 1.18. ǹıĲȠȤȓĮ ȝİĲȫʌȠȣ ıĲȠȐȢ ʌȠȣ ȠȡȪııİĲĮȚ ıİ ȝĮȜĮțȩ ĮıȣȞİȤȑȢ ʌȑĲȡȦȝĮ Ȓ ȑįĮĳȠȢ ȝİ Ȓ 
ȤȦȡȓȢ ĲȘȞ ʌĮȡȠȣıȓĮ ȪįĮĲȠȢ. 

 
 

ȅ ȝȘȤĮȞȚıȝȩȢ ĮıĲȠȤȓĮȢ ĲȠȣ ȝİĲȫʌȠȣ İʌȓ ĲȦȞ İʌȚĳĮȞİȚȫȞ ĮıȣȞİȤİȓĮȢ - ȩʌȦȢ ȑȤİȚ 
ʌȡȠĲĮșİȓ Įʌȩ ĲȠȣȢ Davis et al. (1980) - ĳĮȓȞİĲĮȚ ıĲȠ ȈȤȒȝĮ 1.18. ǹʌȩ ĮȣĲȩ ĲȠ ȈȤ. 
ȚıȤȪȠȣȞ ȠȚ ʌĮȡĮțȐĲȦ ĲȡȚȖȦȞȠȝİĲȡȚțȑȢ ıȤȑıİȚȢ 
 

¸
¹
·

¨
©
§ �
S

 
A

2
cos

hur2  
(1.1Į)

� �BAsin
Bsinr2xr2
��S

  (1.1ȕ)

� �BAsin
Asinr2yr2
��S

  (1.1Ȗ)

Bcosyr2zr2   (1.1į)

¸
¹
·

¨
©
§ �
S

��
 

A
2

cos

)z1(r2hwr2  
(1.1İ)

 
ȉȠ ʌİȡȚȕȐȜȜȠȞ ȖİȦȨȜȚțȩ șİȦȡȠȪȝİ ȩĲȚ ȚțĮȞȠʌȠȚİȓ ʌȡȠıİȖȖȚıĲȚțȐ ĲȠȞ ȐțĮȝʌĲȠ-Ĳȑ-

ȜİȚȠ ʌȜĮıĲȚțȩ țĮĲĮıĲĮĲȚțȩ ȞȩȝȠ ʌȠȣ ĳĮȓȞİĲĮȚ ȝİ įȚĮțİțȠȝȝȑȞȘ ȖȡĮȝȝȒ ıĲȠ ȈȤȒȝĮ 
1.19 (Ș ʌȡĮȖȝĮĲȚțȒ țĮĲĮıĲĮĲȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ ĳĮȓȞİĲĮȚ ıĲȠ ȓįȚȠ 
ıȤȒȝĮ ȝİ ıȣȞİȤȒ ȖȡĮȝȝȒ). 
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ȈȤȒȝĮ 1.19. ȀĮĲĮıĲĮĲȚțȩȢ ȞȩȝȠȢ ĲȘȢ įȚĮĳȠȡȐȢ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ ȝİ ĲȘ ȝȓĮ țȪȡȚĮ ĲȡȠʌȒ. 
 
 

Ǿ țȚȞȘȝĮĲȚțȒ ĮȞȐȜȣıȘ ĲȠȣ ʌȡȠĲİȚȞȩȝİȞȠȣ ȝȘȤĮȞȚıȝȠȪ ĮıĲȠȤȓĮȢ ȖȓȞİĲĮȚ ȝİ ĲȘȞ 
ȕȠȒșİȚĮ ĲȠȣ ȠįȠȖȡȐĳȠȣ ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤȒȝĮ 1.20. ȅ țȚȞȘȝĮĲȚțȐ ĮʌȠįİțĲȩȢ 
ȝȘȤĮȞȚ-ıȝȩȢ ĮıĲȠȤȓĮȢ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ țȚȞȘȝĮĲȚțȒ ĮȜȣıȓįĮ ıĲİȡİȫȞ ıȦȝȐĲȦȞ ʌȠȣ 
ȤȦȡȓȗȠȞĲĮȚ ȝİĲĮȟȪ ĲȠȣȢ ȝİ ȗȫȞİȢ įȚȐĲȝȘıȘȢ. ȈȪȝĳȦȞĮ ȝİ ĲȘȞ ĮȡȤȒ ĲȦȞ įȣȞĮĲȫȞ ȑȡȖȦȞ 
Ș ȝȑșȠįȠȢ ıȣȞȓıĲĮĲĮȚ: (Į) țĮĲĮȡȤȒȞ ıĲȠȞ ʌȡȠıįȚȠȡȚıȝȩ ĲȠȣ țȚȞȘȝĮĲȚțȐ ĮʌȠįİțĲȠȪ 
ʌİįȓȠȣ ĲĮȤȣĲȒĲȦȞ, țĮȚ (ȕ) ıĲȘȞ İȟȓıȦıȘ ĲȘȢ İȞȑȡȖİȚĮȢ ʌȠȣ țĮĲĮȞĮȜȓıțİĲĮȚ ıĲȠ ʌİįȓȠ 
ȝİ ĲȘȞ İȞȑȡȖİȚĮ ʌȠȣ ĲȡȠĳȠįȠĲİȓĲĮȚ ıĲȠ ʌİįȓȠ Įʌȩ ĲȚȢ İȟȦĲİȡȚțȑȢ įȣȞȐȝİȚȢ ȖȚĮ ȞĮ 
ʌȡȠțĮȜȑıİȚ ĮıĲȠȤȓĮ. 

 
ȈȤȒȝĮ 1.20. OįȠȖȡȐĳȠȢ ĲȠȣ țȚȞȘȝĮĲȚțȠȪ ĲȡȩʌȠȣ ĮıĲȠȤȓĮȢ ĲȠȣ ȝİĲȫʌȠȣ ĲȘȢ ıȒȡĮȖȖȠȢ. 
 

Ǿ ȝİĲĮȕȠȜȒ ĲȠȣ ıȣȞȠȜȚțȠȪ ȑȡȖȠȣ ĲȦȞ İȟȦĲİȡȚțȫȞ ĳȠȡĲȓȦȞ A�  įȓįİĲĮȚ Įʌȩ ĲȘȞ ıȤȑ-
ıȘ 

� �> @
)BAsin(

Bsinr2rhpqA
��S

�J�� �  (1.2)

 
Ǿ ȝİĲĮȕȠȜȒ ĲȠȣ ȑȡȖȠȣ ĲȦȞ İıȦĲİȡȚțȫȞ įȣȞȐȝİȦȞ įȓȞİĲĮȚ Įʌȩ ĲȘȞ ıȤȑıȘ 
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2
ABtanxr2

)
2

ABcos(

ry2

)A
2

cos(

rz2r2h

)A
2

cos(

hcD�  (1.3)

 
ǼȟȚıȫȞȠȞĲĮȢ ĲĮ įȪȠ ʌĮȡĮʌȐȞȦ ȑȡȖĮ ȕȡȓıțȠȣȝİ ĲȘ ıȤȑıȘ 
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�J��

 

2
ABtanx

2
ABcos

y

A
2

cos

z1
r
h

Bsin
BAsin

c
rhpqN

 (1.4)

 
ȀĮĲȩʌȚȞ ĮțȠȜȠȣșİȓ ȝȘ-ȖȡĮȝȝȚțȒ ĮȞȐȜȣıȘ ȖȚĮ ĲȘȞ İȪȡİıȘ ĲȦȞ įȪȠ ȖȦȞȚȫȞ ǹ,Ǻ ʌȠȣ 

įȓȞȠȣȞ İȜȐȤȚıĲȘ ĲȚȝȒ ĲȠȣ ȜȩȖȠȣ İȣıĲȐșİȚĮȢ Ȓ ıȣȞĲİȜİıĲȠȪ ĳȑȡȠȣıĮȢ ȚțĮȞȩĲȘĲĮȢ ĲȠȣ 
İįȐĳȠȣȢ ȃ (Nonlinear optimization of the function N(A,B)). 
 
function y = beam 
global h 
    for k=0:18 
              h=0.5+k*0.5 
              x1(k+1)=h; 
       [x,out] = fminsearch('beam1',[0.8,0.8]) 
       x2(k+1)=out; 
       x3(k+1)=x(1); 
       x4(k+1)=x(2); 
       x5(k+1,1)=h; 
       x5(k+1,2)=out; 
       x5(k+1,3)=x(1); 
       x5(k+1,4)=x(2); 
     end   
        hold on; 
        plot(x1,x2);    grid on; 
        pause;figure(gcf); 
        plot(x1,x3,'ro',x1,x4,'-g'); 
        save chimneya.dat x5 -ascii; 
%___________________________________________________ 
function N = beam1(x,h) 
global h 
x1=sin(x(2))./sin(pi-x(1)-x(2)); 
y1=sin(x(1))./sin(pi-x(1)-x(2)); 
z1=y1.*cos(x(2)); 
N=(sin(pi-x(1)-x(2))/sin(x(2))).*((h+1-z1)./cos(0.5.*pi-x(1))... 
 +y1./cos(x(2)+x(1)-0.5.*pi)+x1.*tan(x(2)+x(1)-0.5.*pi)); 
%___________________________________________________ 
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Ǿ İȞĲȠȜȒ fminsearch('beam1',[x1,x2]) ȝİ x1,x2 ĲȘȞ ĮȡȤȚțȒ İțĲȓȝȘıȘ ĲȦȞ ȖȦȞȚȫȞ ǹ, 
Ǻ ıİ ĮțĲȓȞȚĮ4 
 
ȆĮȡȐįİȚȖȝĮ: 
 
Input: h/r=8.5, r=1 
>beam 
x =    1.3393    1.3393 
out =    8.4853 
  
 

ȈĲȠ ȈȤȒȝĮ 1.21 ʌĮȡȠȣıȚȐȗİĲĮȚ įȚȐȖȡĮȝȝĮ ĲȠȣ ıȣȞĲİȜİıĲȠȪ ĳȑȡȠȣıĮȢ ȚțĮȞȩĲȘĲĮȢ ȃ 
ıȣȞĮȡĲȒıİȚ ĲȠȣ ȜȩȖȠȣ ȕȐșȠȣȢ ʌȡȠȢ ĮțĲȓȞĮ ĲȘȢ ıĲȠȐȢ ȩʌȦȢ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ 
ʌĮȡĮʌȐȞȦ ȝİșȠįȠȜȠȖȓĮ țĮȚ ıȣȖțȡȓȞİĲĮȚ ȝİ ĲȘȞ ʌȡȩȕȜİȥȘ ĲȦȞ Davis et al. (1980) ʌȠȣ 
șİȫȡȘıĮȞ ĲȠ ĮʌȜȠȪıĲİȡȠ ʌȡȩȕȜȘȝĮ ȝİ ĲȚȢ ȖȦȞȓİȢ ǹ = Ǻ, ȒĲȠȚ 

4
1

r2
h4N �  ȐȞȦ ȩȡȚȠ (Davis et al., 1980) (1.6)

Aʌ’ ĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ ĲȠ țȐĲȦ ȩȡȚȠ ĲȠȣ ıȣȞĲİȜİıĲȠȪ ĳȑȡȠȣıĮȢ ȚțĮȞȩĲȘĲĮȢ ȝʌȠȡİȓ 
ȞĮ ȕȡİșİȓ Įʌȩ ĲȘȞ ıȤȑıȘ 

¸
¹
·

¨
©
§ � 1

r
hln4N  țȐĲȦ ȩȡȚȠ (ȀȠlymbas, 1997) (1.7)

 
 

ȈȤȒȝĮ 1.21, ǻȚȐȖȡĮȝȝĮ ıȣȞĲİȜİıĲȠȪ ĳȑȡȠȣıĮȢ ȚțĮȞȩĲȘĲĮȢ ȃ 
 
 

ȉȑȜȠȢ, ıĲȠ ȈȤȒȝĮ 1.22 ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȖȡĮĳȚțȐ ȠȚ ȖȦȞȓİȢ ǹ, Ǻ ĲȠȣ ȝȘȤĮȞȚıȝȠȪ 
ıȣȞĮȡĲȒ-ıİȚ ĲȠȣ ȜȩȖȠȣ ȕȐșȠȣȢ ʌȡȠȢ ĮțĲȓȞĮ ĲȘȢ ıĲȠȐȢ ȩʌȦȢ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ 

                                                 
4 Ǿ İȞĲȠȜȒ ‘fminsearch’ ȤȡȘıȚȝʌȠʌȠȚİȓ ĲȘȞ ȝȑșȠįȠ ȐȝİıȘȢ ĮȞĮȗȒĲȘıȘȢ «simplex» ʌȠȣ ȑȤİȚ 
ʌȡȠĲĮșİȓ Įʌȩ ĲȠȣȢ (Lagarias, J.C., J. A. Reeds, M. H. Wright, and P. E. Wright, 1998).  
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ʌȡȠĲİȚȞȩȝİȞȠ ȕİȜĲȚȦȝȑȞȠ ȝȠȞĲȑȜȠ. īȚĮ ıȪȖțȡȚıȘ ĳĮȓȞİĲĮȚ ıĲȠ ȓįȚȠ ıȤȒȝĮ Ș ĲȚȝȒ ĲȘȢ 
ȖȦȞȓĮȢ ǹ=Ǻ ĲȠȣ ȝȠȞĲȑȜȠȣ ĲȦȞ Davis et al. 
 

 
 

ȈȤȒȝĮ 1.22. īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȦȞ ȖȦȞȚȫȞ ıȣȞĮȡĲȒıİȚ ĲȠȣ ȜȩȖȠȣ ȕȐșȠȣȢ ʌȡȠȢ ĮțĲȓȞĮ ĲȘȢ 
ıĲȠȐȢ 

 
 
 
ȆȡȩȕȜȘȝĮ: ȃĮ ȤĮȡĮȤșİȓ Ș țĮȝʌȪȜȘ ʌȓİıȘȢ ȣʌȠıĲȒȡȚȟȘȢ ĲȠȣ ȝİĲȫʌȠȣ ıȣȞĮȡĲȒıİȚ ĲȘȢ 
ıȣȞȠȤȒȢ ȖİȦȨȜȚțȠȣ ȝİ ĲĮ țȐĲȦșȚ įİįȠȝȑȞĮ (ȈȤȒȝĮ 1.23): 
 
 ǻİįȠȝȑȞĮ: 
 
h [m] 70 Ȗ [MN/m3] 0.0275 

r [m] 6 q [MPa] 0 
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ȈȤȒȝĮ 1.23 ȈȤȑıȘ ĲȘȢ ĮʌĮȚĲȠȪȝİȞȘȢ ʌȓİıȘȢ İʌȓ ĲȠȣ ȝİĲȫʌȠȣ ȝİ ĲȘ ıȣȞȠȤȒ ĲȠȣ İįȐĳȠȣȢ 
ȖȚĮ ĲȘȞ ĮʌȠĳȣȖȒ ĮıĲȠȤȓĮȢ. 
 
 
īȚĮ ȝȓĮ ȝȠȞȒ ıȒȡĮȖȖĮ Ș įȚĮĲĮȡĮȤȒ ʌȠȣ ȜĮȝȕȐȞİȚ ȤȫȡĮ ıĲȘȞ İʌȚĳȐȞİȚĮ İȓȞĮȚ ıȣȞȒșȦȢ 
ȓıȘ ȝİ ĲȘȞ įȚĮĲĮȡĮȤȒ ʌȠȣ ȜĮȝȕȐȞİȚ ȤȫȡĮ İȞĲȩȢ ĲȘȢ ıȒȡĮȖȖĮȢ. ȈĲȚȢ ʌİȡȚııȩĲİȡİȢ 
ʌİȡȚʌĲȫıİȚȢ ĲȠ ıȤȒȝĮ ĮȣĲȒȢ ĲȘȢ įȚĮĲĮȡĮȤȒȢ ıĲȘȞ İʌȚĳȐȞİȚĮ ȜĮȝȕȐȞİȚ ĲȘ ȝȠȡĳȒ ȝȚĮȢ 
ĮȞİıĲȡĮȝȝȑȞȘȢ īțĮȠȣıȚĮȞȒȢ țĮĲĮȞȠȝȒȢ (ȝȠȡĳȒȢ țĮȝʌȐȞĮȢ). Ǿ ȣʌȩșİıȘ ĮȣĲȒ 
ȤȡȘıȚȝȠʌȠȚȒșȘțİ ȝİĲĮȟȪ ȐȜȜȦȞ ȝİȜİĲȘĲȫȞ ĮȡȤȚțȐ  Įʌȩ ĲȠȣȢ Peck (1969) țĮȚ Schmidt 
(1969) ȝİ ıțȠʌȩ ȞĮ ıȣȖțȡȓȞȠȣȞ ĲȚȢ ȝİĲȡȒıİȚȢ ʌȠȣ İȓȤĮȞ ȖȓȞİȚ ıİ įȚȐĳȠȡİȢ ıȒȡĮȖȖİȢ . 
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ǺȚȕȜȚȠȖȡĮĳȚțȒ ĮȞĮıțȩʌȘıȘ ʌĮȜĮȚȩĲİȡȦȞ İȡȖĮıȓȦȞ 
 
ȈĲȠ ʌĮȡİȜșȩȞ ȑȤȠȣȞ ȖȓȞİȚ įȚĮĳȠȡȑȢ ȝİȜȑĲİȢ ȖȚĮ ĲȚȢ İʌȚʌĲȫıİȚȢ ĲȘȢ ĮıĲȠȤȓĮȢ ĲȠȣ 
ȝİĲȫʌȠȣ ıȒȡĮȖȖĮȢ . ȈĲȘȞ İȡȖĮıȓĮ ĲȦȞ Atkinson & Potts (1977) ȑȖȚȞİ ȝȚĮ įȚİȡİȪȞȘıȘ, 
ȩʌȠȣ ıȣȝʌİȡĮȓȞİĲĮȚ ȩĲȚ ĲȠ ıȪȝĳȦȞĮ ȝİ ĲȠ țȚȞȘȝĮĲȚțȩ ȝȠȞĲȑȜȠ ĲȠȣ ȈȤȒȝĮ 1.24 ĲȠ 
‘țȐĲȦ ȩȡȚȠ’ ĲȘȢ ʌȓİıȘȢ ʌȠȣ ʌȡȑʌİȚ ȞĮ ĮıțȘșİȓ ıĲȠ ȝȑĲȦʌȠ ȖİȦȨȜȚțȠȪ ȤȦȡȓȢ ıȣȞȠȤȒ 
ʌȡȠțİȚȝȑȞȠȣ ĮȣĲȩ ȞĮ ȝȘȞ ĮıĲȠȤȒıİȚ įȓȞİĲĮȚ Įʌȩ ĲȘȞ ĮțȩȜȠȣșȘ ıȤȑıȘ: 

� �22 1
T

R
V P
J P

 
�

  

ȩʌȠȣ 
x TV  İȓȞĮȚ Ș ĲĮıȘ ʌȠȣ İĳĮȡȝȠȗİĲĮȚ ıĲȠ ȝȑĲȦʌȠ 
x J  İȓȞĮȚ ĲȠ ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȠȣ İįȐĳȠȣȢ  
x R  İȓȞĮȚ Ș ĮțĲȓȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ  

x 1 sin
1 sin

IP
I

�
 

�
 , ȠʌȠȣ I  Ș ȖȦȞȓĮ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ  ĲȠȣ İįȐĳȠȣȢ  

 

 
 

ȈȤȒȝĮ 1.24: ȂȘȤĮȞȚıȝȩȢ țĮĲȐȡȡİȣıȘȢ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ȝİ ĲȠ ȐȞȦ ȠȡȚĮțȩ șİȫȡȘȝĮ  
(Atkinson & Potts, 1977). 

 
ǹȞĲȚıĲȠȚȤĮ țĮĲİȜȘȟĮȞ ıĲȘȞ ĮțȩȜȠȣșȘ ĮȞĮȜȣĲȚțȒ ıȤȑıȘ ʌȠȣ İțĳȡȐȗİȚ ĲȠ ‘ȐȞȦ ȠȡȚȠ’ 
ĲȘȢ ʌȓİıȘȢ  ʌȠȣ ʌȡȑʌİȚ ȞĮ ĮıțȘșİȓ ıĲȠ ȝȑĲȦʌȠ  ʌȡȠțİȚȝȑȞȠȣ ȞĮ ȝȘȞ İȤȠȣȞ İįĮĳȚțȒ 
įȚȠȩȖțȦıȘ ȝʌȡȠıĲȐ ĮʌȠ ĲȠ ȝȑĲȦʌȠ (ȕȜ. ȈȤȒȝĮ 1.25):  
 

1 1
2 4cos tan 2R
V SI
J I I
7 § ·
 � � �¨ ¸

© ¹
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ȈȤȒȝĮ 1.25 ǹʌȜȠȣıĲİȣȝȑȞİȢ İȞĲĮĲȚțȑȢ țĮĲĮıĲȐıİȚȢ ȖȣȡȦ Įʌȩ ĲȘȞ ıȒȡĮȖȖĮ (Atkinson & Potts, 
1977) 

 
 

ǼʌȓıȘȢ  țĮĲĮȜȒȖȠȣȞ ıİ ȑȞĮ įȓĮȖȡĮȝȝĮ ıĲȠ ȠʌȩȚȠ ıȘȝİȚȫȞȠȪȞ ȠĲȚ ʌȡȑʌİȚ ȠȚ ȜȪıİȚȢ ĲȦȞ 
ʌĮȡĮȝİĲȚțȫȞ İȟȚıȫıİȦȞ ĲȠȣ țȐĲȦ ȠȡȚĮțȩȣ  șİȦȡȒȝĮĲȠȢ ȞĮ ȕȡȓıțȠȞĲĮȚ ʌȐȞȦ ĮʌȠ ĲȚȢ 
ȖȡĮȝȝȠıțĮıȝȑȞİȢ țĮȝʌȪȜİȢ (ȈȤȒȝĮ 1.26). 
 

 
 

ȈȤȒȝĮ 1.26 : ȅȚ ȜȪıİȚȢ ĲȦȞ ʌĮȡĮȝİĲȡȚțȫȞ İȟȚıȫıİȦȞ ʌȡİʌİȚ ȞĮ ȕȡȓıțȠȞĲĮȚ ʌĮȞȦ ĮʌȠ ĲȚȢ 
ȖȡĮȝȝȠıțȚĮıȝȑȞİȢ țĮȝʌȪȜİȢ. (Atkinson & Potts, 1977 
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ȅȚ Wooi Long Tan & Apothegm Garage Ramjet (2003),  țȐȞȠȣȞ ȝȚĮ įȚİȡİȪȞȘıȘ ȖȚĮ ĲȚȢ 
İʌȚʌĲȫıİȚȢ ĲȘȢ ĮıĲȠȤȓĮȢ, ĲȠȣ ȝİĲȫʌȠȣ, ıĲȘȞ İȜȑȣșİȡȘ İʌȚĳȐȞİȚĮ. ȈĲȘȞ İȡȖĮıȓĮ ĲȠȣȢ 
ĮȞĮĳȑȡȠȣȞ ĲȠȣȢ İȝʌİȚȡȚțȠȪȢ ĲȪʌȠȣȢ ʌȠȣ ȑȤȠȣȞ țĮĲȐ țĮȚȡȠȪȢ įȚĮĲȣʌȦșİȓ Įʌȩ 
įȚĮĳȩȡȠȣȢ İȡİȣȞȘĲȑȢ (ȆȓȞĮțĮȢ 1.2), ȦȢ ʌȡȠȢ ĲȘȞ țĮĲĮȞȠȝȒ ĲȘȢ țĮșȓȗȘıȘȢ ıĲȘȞ 
İʌȚĳȐȞİȚĮ., țĮȚ ȩĲȚ ıȤİįȩȞ ȩȜİȢ ȠȚ ıȤȑıİȚȢ ʌȡȠıİȖȖȓȗȠȣȞ ĲȘȞ  īțĮȠȣıȚĮȞȒ țĮĲĮȞȠȝȒ 
(ȈȤȒȝĮ 1.27). 
 

ȆȓȞĮțĮȢ 1.2: ǼȝʌİȚȡȚțȠȓ ĲȪʌȠȚ ȖȚĮ ĲȘȞ țĮĲĮȞȠȝȒ ĲȘȢ țĮșȓȗȘıȘȢ (Wooi Leong Tan 2003) 
 

 
 
  

 
ȈȤȒȝĮ 1.27: īȡĮĳȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ ĲȦȞ ȖțĮȠȣıȚĮȞȫȞ țĮĲĮȞȠȝȫȞ țĮșȓȗȘıȘȢ ĲȘȢ İʌȚĳȐȞİȚĮȢ 

(Wooi Leong Tan 2003) 
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ȅ Leca & Dormieux (1983) ʌĮȡȠȣıȚȐȗȠȣȞ ĲȠȣȢ ĲȡİȚȢ țȪȡȚȠȣȢ ȝȘȤĮȞȚıȝȠȪȢ ĮıĲȠȤȓĮȢ 
ʌȠȣ ȝʌȠȡȠȪȞ ȞĮ ʌĮȡĮĲȘȡȘșȠȪȞ ıĲȚȢ ĮȕĮșİȓȢ ıȒȡĮȖȖİȢ, ʌȠȣ ȕȡȓıțȠȞĲĮȚ ȝȑıĮ 
ıĮșȡȩ,ȤĮȜĮȡȩ İįĮĳȚțȩ  ȣȜȚțȩ ĲȠ ȠʌȠȓȠ ʌĮȡȠȣıȚȐȗİȚ ȝȚțȡȒ ȑȦȢ țĮșȩȜȠȣ ıȣȞİțĲȚțȩĲȘĲĮ 
(ȈȤȒȝĮ 1.28). 

ȆȚȠ ĮȞĮȜȣĲȚțȐ ıĲȠ ȈȤȒȝĮ 1.28 ʌĮȡĮĲȘȡȠȪȞĲĮȚ ĲȡİȚȢ ȝȘȤĮȞȚıȝȠȓ ĮıĲȠȤȓĮȢ. ȅȚ 
ȝȘȤĮȞȚıȝȠȓ ĲȪʌȠȣ (Į) țĮȚ (ȕ) İʌȚıȣȝȕĮȓȞȠȣȞ ȩĲĮȞ ʌĮȡĮĲȘȡİȓĲİ țĮĲȐȡȡİȣıȘ ȝİĲȫʌȠȣ 
ĲȘȢ ıȒȡĮȖȖĮȢ (İȞİȡȖȘĲȚțȒ ĳȩȡĲȚıȘ) İȞȫ Ƞ ȝȘȤĮȞȚıȝȩȢ (Ȗ) ʌĮȡĮĲȘȡİȓĲĮȚ ȩĲĮȞ Ș ʌȓİıȘ 
ıĲȠ ȝȑĲȦʌȠ İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ Įʌȩ ĲȘȞ ʌȓİıȘ ʌȠȣ ĮıțȠȪȞ ĲĮ ȣʌİȡțİȓȝİȞĮ ıĲȡȦȝĮĲȐ ıĲȘ 
ıȒȡĮȖȖĮ. (ʌĮșȘĲȚțȒ ĳȠȡĲȚıȘ). 

ǹıĲȠȤȓĮ ȜȩȖȦ țĮșȓȗȘıȘȢ ʌĮȡĮĲȘȡİȓĲĮȚ ȜȩȖȦ ĲȘȢ įȘȝȚȠȣȡȖȓĮȢ İȞȩȢ țȩȜȠȣȡȠȣ țȫȞȠȣ 
(ıȤȒȝĮ Į) țĮȚ įȣȠ țȫȞȦȞ (ıȤȒȝĮ ȕ). ȆĮȡȩȜȠ ʌȠȣ ȠȚ ȝȘȤĮȞȚıȝȠȓ (Į) țĮȚ (ȕ) İȓȞĮȚ ʌȚȠ 
ʌȚșĮȞȠȓ țĮĲȐ ĲȘȞ įȚȐȡțİȚĮ ĲȘȢ țĮĲĮıțİȣȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ, Ƞ ȝȘȤĮȞȚıȝȩȢ (Ȗ) įİȞ ʌȡȑʌİȚ 
ȞĮ ʌĮȡĮȕȜȑʌİĲĮȚ İȚįȚțȩĲİȡĮ ȩĲĮȞ Ș ıȒȡĮȖȖĮ įȚĮȞȠȓȖİĲĮȚ ıİ ʌȠȜȪ ȝȚțȡȐ ȕȐșȘ, ıİ 
ȤĮȜĮȡȐ Ȓ ĮʌȠıĮșȡȦȝȑȞĮ İįȐĳȘ ȠʌȠȪ Ș ĲȐıȘ ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıĲȠ ȝȑĲȦʌȠ, ȖȚĮ ĲȘȞ 
ıȣȖțȡȐĲȘıȘ ĲȠȣ İįȐĳȠȣȢ, İȓȞĮȚ ĲȩıȠ ȝİȖȐȜȘ ʌȠȣ ȝʌȠȡİȓ ĲȠ ȑįĮĳȠȢ ȝʌȡȠıĲȐ Įʌȩ ĲȠ 
ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ ȞĮ ĮȞȣȥȦșİȓ. ĭĮȚȞȩȝİȞĮ ĮȣĲȠȪ ĲȠȣ İȓįȠȣȢ ȑȤȠȣȞ ʌĮȡĮĲȘȡȘșİȓ 
ıĲȠ ʌĮȡİȜșȩȞ (Clough et al., 1983).    
 

 
 

ȈȤȒȝĮ 1.28: ȀȫȞȠȚ ĮıĲȠȤȓĮȢ ıİ șİȦȡȘĲȚțȩ ȝȠȞĲȑȜȠ ĮȕĮșȩȣȢ ıȒȡĮȖȖĮȢ (Leca & Dormieux, 
1983) 
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ȉȑȜȠȢ ȑȞĮ ĲȡȚıįȚȐıĲĮĲȠ țȚȞȘȝĮĲȚțȩ ȝȠȞĲȑȜȠ ĮıĲȠȤȓĮȢ ȝİĲȫʌȠȣ ıȒȡĮȖȖȠȢ ĳĮȓȞİĲĮȚ ıĲȠ 
ȈȤȒȝĮ 1.29. Ȃİ ĲȘ ȕȠȒșİȚĮ İȞȩȢ ĲȑĲȠȚȠȣ ȝȠȞĲȑȜȠȣ ȝʌȠȡİȓ ȞĮ ȣʌȠȜȠȖȚıșİȓ Ș 
ĮʌĮȚĲȠȪȝİȞȘ ʌȓİıȘ ʌȠȣ ʌȡȑʌİȚ ȞĮ İȟĮıțİȓĲĮȚ İʌȓ ĲȠȣ ȝİĲȫʌȠȣ țĮĲȐ ĲȘȞ ȩȡȣȟȘ 
ıȘȡȐȖȖȦȞ ȝİ ĮıʌȓįİȢ ĲȪʌȠȣ ʌȠȜĳȠȪ Ȓ ȚıȠȡȡȠʌȓĮȢ ȖĮȚȫȞ (EPB). 
 

 
ȈȤȒȝĮ 1.29: ȉȠ ȝȠȞĲȑȜȠ ĮıĲȠȤȓĮȢ ȝİĲȫʌȠȣ ıȒȡĮȖȖĮȢ ĲȠȣ Horn (1961) ʌȠȣ ȣȚȠșİĲȒșȘțİ 
Įʌȩ ĲȠȣȢ Anagnostou and Kovari (1994,1996) țĮĲȐ ĲȘȞ țĮĲĮıțİȣȒ ĲȘȢ ȝİ ĮıʌȓįİȢ 

ʌȠȜĳȠȪ (slurry) țĮȚ EPB. 
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1.3 ǼʌȓįȡĮıȘ ĲȠȣ ǶįĮĲȠȢ ıĲȘ ȈȣȝʌİȡȚĳȠȡȐ ȊʌȠȖİȓȦȞ ǲȡȖȦȞ 
 

Ǿ İȞĲĮĲȚțȒ țĮĲȐıĲĮıȘ ı’ ȑȞĮ ȣʌȩȖİȚȠ ȑȡȖȠ, İȟĮȡĲȐĲĮȚ İʌȓıȘȢ Įʌ’ ĲȠ ȣįȡȠȖİȦȜȠȖȚ-
țȑȢ ıȣȞșȒțİȢ. ȉȠ ȣʌȩȖİȚȠ ȪįȦȡ ȠȡȓȗİĲĮȚ ȦȢ ĲȠ ȪįȦȡ țȐĲȦ Įʌ’ ĲȠ ȣįȡȠĳȩȡȠ ȠȡȓȗȠȞĲĮ 
ʌȠȣ İȓȞĮȚ İʌȓıȘȢ ȖȞȦıĲȒ ȦȢ ȗȫȞȘ țȠȡİıȝȠȪ. ȉȠ ȪįȦȡ ĮȣĲȩ ıȣȖțİȞĲȡȫȞİĲĮȚ ıĲȠȣȢ ʌȩ-
ȡȠȣȢ ĲȠȣ ȖİȦȨȜȚțȠȪ (ʌȡȦĲȠȖİȞȑȢ ʌȠȡȫįİȢ) țĮȚ ıĲȚȢ ĲȣȤȩȞ ĮıȣȞȑȤİȚİȢ ʌȠȣ ĲȠ įȚĮıȤȓ-
ȗȠȣȞ (įİȣĲİȡȠȖİȞȑȢ ʌȠȡȫįİȢ). 
 

 ȆȠȡȫįİȢ 
ȥĮȝȝȓĲİȢ 1 y 5% 
ȂĮȜĮțȠȓ ĮıȕİıĲȩȜȚșȠȚ 20 y50% 
ǿȗȘȝĮĲȠȖİȞİȓȢ ıȤȚıĲȩȜȚșȠȚ 5 țĮȚ 20% 
ȂĮȖȝĮĲȚțȐ țĮȚ ȝİĲĮȝȠȡĳȦȝȑȞĮ ʌİĲȡȫȝĮĲĮ ȈʌȐȞȚĮ > 2% 

 
 

Ǿ țȣȡȚȩĲİȡȘ İʌȓįȡĮıȘ ĲȘȢ ʌȓİıȘȢ ĲȦȞ ʌȩȡȦȞ İȓȞĮȚ ȝȑıȦ ĲȘȢ ĮȡȤȒȢ ĲȘȢ İȞİȡȖȒȢ ĲȐ-
ıȘȢ. Ǿ İȞĲĮĲȚțȒ țĮĲȐıĲĮıȘ ı’ ȑȞĮ ıȘȝİȓȠ ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ ʌȡȠıįȚȠȡȓȗİĲĮȚ Įʌȩ 
ĲȚȢ țȪȡȚİȢ ĲȐıİȚȢ țĮȚ ĲȘȞ ʌȓİıȘ ĲȦȞ ʌȩȡȦȞ5. ǼĳȩıȠȞ Ș ʌȓİıȘ ĲȦȞ ʌȩȡȦȞ İȓȞĮȚ ȓıȘ ı’ 
ȩȜİȢ ĲȚȢ țĮĲİȣșȪȞıİȚȢ, ĲȩĲİ ĮȣĲȒ įȡĮ ʌȡȠȢ ĲȘȞ ȝİȓȦıȘ ĲȘȢ İȞİȡȖȒȢ ĲȐıȘȢ ıİ įİįȠȝȑȞȠ 
ıȘȝİȓȠ ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ ( p�V Vc  Ȓ ijijij pG�V cV , ȩʌȠȣ ȠȚ șȜȚʌĲȚțȑȢ ĲȐıİȚȢ 
İȓȞĮȚ șİĲȚțȑȢ). Ǿ ȝİȓȦıȘ ĲȘȢ İȞİȡȖȒȢ ĲȐıȘȢ ȑȤİȚ ȐȝİıȘ İʌȓįȡĮıȘ ıĲȘȞ įȚĮĲȝȘĲȚțȒ 
ĮȞĲȠȤȒ ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ, Ș ȠʌȠȓĮ İȓȞĮȚ ĮȞȐȜȠȖȘ ĲȘȢ İĳĮȡȝȠȗȩȝİȞȘȢ ȠȡșȒȢ ĲȐıȘȢ. 
ȈȣȞȒșȦȢ Ș ĮʌȠȝİȓȦıȘ ĲȘȢ ȠȡșȒȢ ĲȐıȘȢ ʌȡȠțĮȜİȓ ȝİȓȦıȘ ĲȘȢ įȚĮĲȝȘĲȚțȒȢ ĮȞĲȠȤȒȢ ĲȘȢ 
İʌȚĳȐȞİȚĮȢ ĮıĲȠȤȓĮȢ. ǼʌȓıȘȢ ȠȚ ȣʌȐȡȤȠȣıİȢ ʌȚȑıİȚȢ ĲȦȞ ȣʌȠȖİȓȦȞ ȣįȐĲȦȞ, ȝʌȠȡȠȪȞ ȞĮ 
įȡȠȣȞ ȦȢ İʌȚʌȡȩıșİĲİȢ įȣȞȐȝİȚȢ ȠȜȓıșȘıȘȢ ȖȚĮ ȠȡȚıȝȑȞȠȣȢ ĲȪʌȠȣȢ ĮıĲȠȤȚȫȞ 
ĮıȣȞİȤİȚȫȞ. 

ǻİȣĲİȡİȣȠȪıȘȢ ıȘȝĮıȓĮȢ İȓȞĮȚ ĲĮ ĳĮȚȞȩȝİȞĮ ȤȘȝȚțȫȞ ĮȞĲȚįȡȐıİȦȞ ĲȠȣ ȪįĮĲȠȢ ȝİ 
ȠȡȣțĲȐ ʌȠȣ ıȤȘȝĮĲȓȗȠȣȞ ĲȠ ȣȜȚțȩ ʌȜȒȡȦıȘȢ ĲȦȞ ĮıȣȞİȤİȚȫȞ ʌȠȣ ʌȡȠțĮȜȠȪȞ ȣʌȠȕȐ-
șȝȚıȘ ĲȦȞ ȚįȚȠĲȒĲȦȞ ıȣȞȠȤȒȢ ĲȦȞ ĮıȣȞİȤİȚȫȞ. ǹȞ ĲȠ ȪįȦȡ įİȞ ȡȑİȚ ĲȩĲİ Ș įȚĮįȚțĮıȓĮ 
įȚĮȜȣĲȠʌȠȓȘıȘȢ ıĲĮȝĮĲȐ ȩĲĮȞ İʌȚĲİȣȤșİȓ Ș ıȣȖțȑȞĲȡȦıȘ țȠȡİıȝȠȪ. ǹȞ ȩȝȦȢ ȑȤȠȣȝİ 
ʌĮȡȠȤȒ ĳȡȑıțȠȣ ȪįĮĲȠȢ ĲȩĲİ Ș įȚĮȜȣĲȠʌȠȓȘıȘ ȝʌȠȡİȓ ȞĮ ıȣȞİȤȚıșİȓ. ȈĲȘȞ įİȪĲİȡȘ 
ʌİȡȓʌĲȦıȘ ȠĳİȓȜİĲĮȚ Ș įȘȝȚȠȣȡȖȓĮ ȝİȖȐȜȦȞ țİȞȫȞ İȖțȠȓȜȦȞ ıİ ʌİĲȡȫȝĮĲĮ (țȐȡıĲ) 
İȟĮȚĲȓĮȢ įȚĮȜȣĲȠʌȠȓȘıȘȢ ȠȡȣțĲȫȞ Įʌȩ ĲȠ ȪįȦȡ. ȉĮ țȐȡıĲ ĮȣĲȐ ȝʌȠȡȠȪȞ ȞĮ 
įȘȝȚȠȣȡȖȒıȠȣȞ ȝİ ĲȘ ıİȚȡȐ ĲȠȣȢ ȝİȖȐȜĮ ʌȡȠȕȜȒȝĮĲĮ İȣıĲȐșİȚĮȢ ıİ ȣʌȩȖİȚĮ ȑȡȖĮ Ȓ 
ĲȠȞ ʌȜȘȝȝȣȡȚıȝȩ ĮȣĲȫȞ ȝİ ȝİȖȐȜİȢ ʌȠıȩĲȘĲİȢ ȪįĮĲȠȢ. Ǿ ȡȠȒ ȣʌȠȖİȓȦȞ ȣįȐĲȦȞ ȝʌȠȡİȓ 
ȞĮ ʌȡȠțĮȜȑıİȚ įȚȐȕȡȦıȘ ĲȦȞ ĮıȣȞİȤİȚȫȞ țĮȚ ȣʌȠȕȐșȝȚıȘ ĲȦȞ ȝȘȤĮȞȚțȫȞ ȚįȚȠĲȒĲȦȞ 
ĲȦȞ. Ǿ ȝİȖĮȜȪĲİȡȘ įȚȐȕȡȦıȘ ıȣȝȕĮȓȞİȚ ıĲȠȣȢ İȕĮʌȠȡȓĲİȢ6 ȩʌȦȢ İȓȞĮȚ ĲȠ ȠȡȣțĲȩ ȐȜĮȢ 
(NaCl), ĲȠ ȖȪȥȠ (CaSO4.2H20) țĮȚ ĲȠȞ ĮȞȣįȡȓĲȘ (CaSO4). ȂȚțȡȩĲİȡȘ ĮȝȑıȦȢ 
įȚȐȕȡȦıȘ İȝĳĮȞȓȗȠȣȞ ȠȚ ĮıȕİıĲȩȜȚșȠȚ (CaCO3) țĮȚ ȠȚ įȠȜȠȝȓĲİȢ ʌȠȣ İȓȞĮȚ ȝȓȖȝĮ 
ĮıȕİıĲȓĲȘ țĮȚ MgCO3. ǼʌȓıȘȢ ĲĮ ʌȣȡȚĲȚțȐ ʌİĲȡȫȝĮĲĮ İȓȞĮȚ įȚĮȜȣĲȐ ıĲȠ ȪįȦȡ. Ȇ.Ȥ. 
ȑȞĮȢ ʌȩȡȠȢ ıİ ȤĮȜĮȗȓĲȘ ȝʌȠȡİȓ ȞĮ İʌİțĲĮșİȓ ıİ ʌȐȡȠįȠ 100.000 İĲȫȞ țĮĲȐ ʌİȡȓʌȠȣ 0.4 
mm. ǼʌȓıȘȢ ĲȠ ȪįȦȡ ĲȦȞ ʌȩȡȦȞ ȝʌȠȡİȓ ȞĮ İʌȘȡİȐıİȚ ĳȣıȚțȠȤȘȝȚțȐ ĲȠ ʌȑĲȡȦȝĮ țĮȚ ȞĮ 
ʌȡȠțĮȜȑıİȚ įȚȩȖțȦıȘ (swelling) ȠȡȣțĲȫȞ ȩʌȦȢ İȓȞĮȚ Ƞ ȝȠȞĲȝȠȡȚȜȠȞȓĲȘȢ. ǼʌȓıȘȢ ȝʌȠȡİȓ 

                                                 
5 Ǿ ʌȓİıȘ ĲȦȞ ʌȩȡȦȞ ȝİĲȡȐĲĮȚ ȝİ ʌȚİȗȩȝİĲȡȠ țĮȚ ȝȩȞȦıȘ ĲȘȢ ʌİȡȚȠȤȒȢ ȝȑĲȡȘıȘȢ (Rowe, 2001). 
6 ȆİĲȡȫȝĮĲĮ ʌȠȣ įȘȝȚȠȣȡȖȠȪȞĲĮȚ Įʌȩ İȟȐĲȝȚıȘ.  
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ȞĮ ȝİȚȫıİȚ ĲȘȞ İȚįȚțȒ İʌȚĳĮȞİȚĮțȒ İȞȑȡȖİȚĮ ȡȦȖȝȫȞ ȝİ ĮʌȠĲȑȜİıȝĮ ĲȘ įȚȐįȠıȘ ĲȠȣȢ 
ıĲȠ ʌȑĲȡȦȝĮ. 

ȅ ĮįȚĮĲȐȡĮțĲȠȢ ȣįȡȠĳȩȡȠȢ ȠȡȓȗȠȞĲĮȢ (ʌȡȚȞ ĲȘȞ İȟȩȡȣȟȘ) țĮȚ Ș țĮĲĮȞȠȝȒ ĲȘȢ ʌȓİ-
ıȘȢ ĲȦȞ ʌȩȡȦȞ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȠȣȢ İȟȒȢ ʌĮȡȐȖȠȞĲİȢ: 

 
(1) ĲȠ ĳȚȜĲȡȐȡȚıȝĮ ȝȑıȦ ĲȠȣ ʌȠȡȫįȠȣȢ ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ ĲȦȞ ȣįȐĲȦȞ ĲȘȢ 

ȕȡȠȤȒȢ țĮȚ ĲȘȢ ĲȒȟȘȢ ĲȠȣ ȤȚȠȞȚȠȪ, 
(2) ĲȘȞ ĲȠʌȠȖȡĮĳȓĮ, 
(3) ĲȘȞ ʌĮȡȠȣıȓĮ ʌȠĲĮȝȫȞ & ȜȚȝȞȫȞ, 
(4) ĲĮ ȣįȡȠȖİȦȜȠȖȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ. 

 
ǹʌȩ ĲĮ ʌĮȡĮʌȐȞȦ ıȣȞȐȖİĲĮȚ ĲĮ ıȣȝʌȑȡĮıȝĮ ȩĲȚ Ș ıĲȐșȝȘ ĲȠȣ ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ 

ȝİĲĮȕȐȜȜİĲĮȚ ȝİ ĲȠȞ ȤȡȩȞȠ. ǵĲĮȞ İȟȠȡȪııİĲĮȚ İʌȚĳĮȞİȚĮțȫȢ Ș İįĮĳȠȕȡĮȤȠȝȐȗĮ ĮȡȤȚ-
țȐ ʌȑĳĲİȚ Ș ıĲȐșȝȘ ĲȠȣ ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ (draw down) İȟĮȚĲȓĮȢ ĮʌȠȡȡȠȒȢ ȪįĮĲȠȢ 
ıĲȘȞ İțıțĮĳȒ. ȈȣȞİʌȫȢ Ș ıĲȐșȝȘ ĲȠȣ ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ, Ȓ ĳȡİĮĲȚțȒ İʌȚĳȐȞİȚĮ șĮ 
ȝİĲĮȕȐȜȜİĲĮȚ ıȣȞİȤȫȢ ȩıȠ ʌȡȠȤȦȡȐȞİ ȠȚ İțıțĮĳȑȢ. 

ǹȣĲȒ Ș ʌĲȫıȘ ĲȘȢ ıĲȐșȝȘȢ șĮ ȑȤİȚ ĲȘȞ ȝȠȡĳȒ ĲȠȣ ȈȤ. 1.30. Ǿ ȝȠȡĳȒ țĮȚ Ș șȑıȘ ĲȠȣ 
ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ İȟĮȡĲȐĲĮȚ Įʌ’ ĲȘȞ ȖİȦȝİĲȡȓĮ ĲȠȣ ʌȡĮȞȠȪȢ, ĲȘȞ ȣįȡȠʌİȡĮĲȩĲȘĲĮ 
ĲȦȞ ȖİȦȜȠȖȚțȫȞ ıȤȘȝĮĲȚıȝȫȞ, țĮȚ ĲȘȞ İʌĮȞĮĲȡȠĳȠįȠıȓĮ  ȣįȐĲȦȞ Įʌ’ ĲĮ ʌİȡȚȕȐȜȜȠȞĲĮ 
ʌİĲȡȫȝĮĲĮ. ǼʌȓıȘȢ, Ș ȥȪȟȘ ĲȠȣ ȪįĮĲȠȢ ĲȠȣ ȤİȚȝȫȞĮ ȝʌȠȡİȓ ȞĮ İȝʌȠįȓıİȚ ĲȘȞ ĮʌȠȡȡȠȒ 
ĲȦȞ ȣįȐĲȦȞ İȞĲȩȢ ĲȘȢ İțıțĮĳȒȢ ĮȣȟȐȞȠȞĲĮȢ ȑĲıȚ ĲȘȞ ʌȓİıȘ ĲȦȞ ʌȩȡȦȞ ıĲȠ ʌȡĮȞȑȢ. 
ȂʌȠȡȠȪȞ İʌȓıȘȢ ȞĮ ȣʌȐȡȤȠȣȞ ȗȫȞİȢ İȖțȜȦȕȚıȝȑȞȠȣ ȪįĮĲȠȢ İȞĲȩȢ ĲȠȣ ʌȡĮȞȠȪȢ ʌȠȣ ȞĮ 
țĮșȚıĲȠȪȞ ĲȘȞ țĮĲĮȞȠȝȒ ĲȘȢ ʌȓİıȘȢ ĲȦȞ ʌȩȡȦȞ ʌȠȜȣʌȜȠțȫĲİȡȘ. ȉĮ ıȘȝİȓĮ țȐĲȦ Įʌ’ 
ĲȠȞ ȣįȡȠĳȩȡȠ ȠȡȓȗȠȞĲĮ, ȣʌȠȕȐȜȜȠȞĲĮȚ ıİ ʌȓİıȘ ĲȦȞ ʌȩȡȦȞ. ȈȣȞİʌȫȢ ĮȣĲȐ ĲĮ ıȘȝİȓĮ, 
ȣʌȠȕȐȜȜȠȞĲĮȚ ıİ ȝȚțȡȩĲİȡȘ İȞİȡȖȒ ȠȡșȒ ĲȐıȘ Įʌ’ ȩĲȚ ĲĮ ıȘȝİȓĮ ʌȐȞȦ Įʌȩ ĲȠȞ ȣįȡȠĳȩ-
ȡȠ ȠȡȓȗȠȞĲĮ (ȈȤ. 1.30). ȅȚ ʌȚȑıİȚȢ ĲȦȞ ȣʌȠȖİȓȦȞ ȣįȐĲȦȞ țĮĲȐ ȝȒțȠȢ ȝȚĮȢ İʌȚĳȐȞİȚĮȢ 
ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ ʌȠȣ ȕȡȓıțİĲĮȚ İȞĲȩȢ ĲȘȢ ȗȫȞȘȢ țȠȡİıȝȠȪ, ĮȞĲȚʌȡȠıȦʌİȪİȚ ĲȘȞ 
“ʌȚİȗȠȝİĲȡȚțȒ İʌȚĳȐȞİȚĮ” ʌȠȣ İȓȞĮȚ ĲȠ ʌȡȠĳȓȜ ĲȘȢ ʌȓİıȘȢ ĲȦȞ ʌȩȡȦȞ ı’ ĮȣĲȒ ĲȘȞ İʌȚ-
ĳȐȞİȚĮ. īȚĮ ıĲĮĲȚțȑȢ ıȣȞșȒțİȢ, įȘȜ. ȩȤȚ ȡȠȒ Ș ȠȝȠȚȩȝȠȡĳȘ ȠȡȚȗȩȞĲȚĮ ȡȠȒ ȣįȐĲȦȞ, ȩȜİȢ 
ȠȚ ʌȚİȗȠȝİĲȡȚțȑȢ İʌȚĳȐȞİȚİȢ ıȣȝʌȓʌĲȠȣȞ  ȝİ  ĲȠȞ ȣįȡȠĳȩȡȠ ȠȡȓȗȠȞĲĮ. Ȉİ ȩȜİȢ ĲȚȢ 
ʌİȡȚʌĲȫıİȚȢ șĮ ĮȞĲȚıĲȠȚȤİȓ įȚĮĳȠȡİĲȚțȒ ʌȚİȗȠȝİĲȡȚțȒ İʌȚĳȐȞİȚĮ ȖȚĮ țȐșİ ĳȣıȚțȒ İʌȚ-
ĳȐȞİȚĮ ĲȘȢ İįĮĳȠȕȡĮȤȠȝȐȗĮȢ İȞĲȩȢ ĲȘȢ ȗȫȞȘȢ ȡȠȒȢ ĲȦȞ ȣįȐĲȦȞ. ȈȣȞİʌȫȢ ȖȚĮ ĲȘȞ ıȦ-
ıĲȒ İțĲȓȝȘıȘ ĲȘȢ ʌȓİıȘȢ ĲȦȞ ʌȩȡȦȞ ıİ ȝȚĮ įȣȞȘĲȚțȐ ĮıĲĮșȒ İʌȚĳȐȞİȚĮ ĲȘȢ İįĮĳȠȕȡĮ-
ȤȠȝȐȗĮȢ ȠȚ ʌȚȑıİȚȢ ĲȦȞ ʌȩȡȦȞ, įİȞ ȝʌȠȡȠȪȞ ȞĮ ȣʌȠȜȠȖȚıșȠȪȞ Įʌȩ ĲȘȞ șȑıȘ ĲȠȣ 
ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ ĮȜȜȐ ʌȡȑʌİȚ ȞĮ ȝİĲȡȘșȠȪȞ. Ǿ ȣįȡȠʌİȡĮĲȩĲȘĲĮ ĲȦȞ ĮıȣȞİȤİȚȫȞ 
İȓȞĮȚ İȣĮȓıșȘĲȘ ıĲȘȞ ĮʌȩıĲĮıȘ ȝİĲĮȟȪ ĲȦȞ ʌĮȡİȚȫȞ ĲȠȣȢ (aperture) Ș ȠʌȠȓĮ ȝİ ĲȘȞ 
ıİȚȡȐ ĲȘȢ İʌȘȡİȐȗİĲĮȚ Įʌȩ ĲȘȞ ȠȡșȒ ĲȐıȘ ʌȠȣ İȟĮıțİȓĲĮȚ İʌȓ ĲȘȢ ĮıȣȞȑȤİȚĮȢ. Ǽȟ’ 
ĮȣĲȠȪ ĲȠȣ ȖİȖȠȞȩĲȠȢ ʌȡȠțȪʌĲİȚ Ș ĮȞȐȖțȘ ıȣȗİȣȖȝȑȞȘȢ ĮȞȐȜȣıȘȢ ĲȦȞ ĲȐıİȦȞ țĮȚ ĲȘȢ 
ȡȠȒȢ ĲȠȣ ȪįĮĲȠȢ. ȁȩȖȠȣ ȤȐȡȚȞ ȑȞĮ ʌȡĮȞȑȢ ʌȠȣ țȠȞĲȐ ıĲȠ ȝȑĲȦʌȠ ĲȠȣ ȑȤȠȣȞ İțĲȠȞȦșİȓ 
ȠȚ ĲȐıİȚȢ șĮ İʌȚĲȡȑʌİȚ ȝİȖĮȜȪĲİȡȘ  ȡȠȒ ȪįĮĲȠȢ ı’ ĮȣĲȒ ĲȘȞ ʌİȡȚȠȤȒ, ȐȡĮ șĮ ĮȜȜȐȟİȚ 
ĲȘȞ ĲȠʌȠȜȠȖȓĮ ĲȘȢ ĳȡİĮĲȚțȒȢ İʌȚĳȐȞİȚĮȢ țĮȚ ĲȘȞ țĮĲĮȞȠȝȒ ĲȦȞ İȞİȡȖȫȞ ĲȐıİȦȞ. ǹʌ’ 
ĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ ıİ ʌİȡȚȠȤȑȢ ʌȠȣ ȣʌȠȕȐȜȜȠȞĲĮȚ ıİ ȝİȖȐȜİȢ șȜȚʌĲȚțȑȢ ĲȐıİȚȢ –ȩʌȦȢ 
İȓȞĮȚ ĲĮ ʌȠįĮȡȚțȐ ĲȦȞ ʌȡĮȞȫȞ- ĮȞĮȝȑȞȠȞĲĮȚ țĮȚ ȝȚțȡȑȢ ȣįȡȠʌİȡĮĲȩĲȘĲİȢ 
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ȈȤ. 1.30. ȈȤȘȝĮĲȚțȒ ʌĮȡȐıĲĮıȘ ĲȠȣ ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ țĮȚ ĲȦȞ ıȘȝİȓȦȞ ʌȓİıȘȢ 

 
ȈȤ. 1.31. ǼʌȓįȡĮıȘ ĲȠȣ ȪįĮĲȠȢ ıĲȘȞ įȚĮȞȠȝȒ țĮșǯȪȥȠȢ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ İȞİȡȖȒȢ ĲȐıȘȢ (ȩʌȠȣ 

u=p). 

 
ǻİȤȫȝİșĮ ȩĲȚ Ș ȡȠȒ ĲȠȣ ȪįĮĲȠȢ ĮțȠȜȠȣșİȓ ĲȠȞ ȖİȞȚțİȣȝȑȞȠ ȞȩȝȠ ĲȠȪ Darcy  

i
i x

hKq
w
w

�  (1.8Į)

 
ȉȠ ıȪȝȕȠȜȠ Ȁ [L/T] ʌĮȡȚıĲȐ ĲȘȞ ȣįȡĮȣȜȚțȒ ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ İʌȓıȘȢ țĮȜİȓĲĮȚ 

įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ ʌȠȡȫįȠȣȢ ıȤȘȝĮĲȚıȝȠȪ ʌȠȣ ȝʌȠȡİȓ ȞĮ ȖȡĮĳİȓ țĮȚ ȦȢ İȟȒȢ 
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K
U

 
gkK w  (1.8ȕ)

 
ȩʌȠȣ k  İȓȞĮȚ Ș ȤĮȡĮțĲȘȡȚıĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ [L2]7 ʌȠȣ İȟĮȡĲȐĲĮȚ 
Įʌȩ ĲȘ ĲȠʌȠȜȠȖȓĮ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȦȞ ʌȩȡȦȞ (ȝȑȖİșȠȢ, İȜȚțȠİȚįȩĲȘĲĮ), Ș İȓȞĮȚ ĲȠ 
ȚȟȫįİȢ ĲȠȣ ȡİȣıĲȠȪ (Taylor, 1948) țĮȚ h İȓȞĮȚ ĲȠ ıȣȞȠȜȚțȩ ȝȑĲȦʌȠ (ȈȤ. 1.32) ĲȠ ȠʌȠȓȠ 
ȠȡȓȗİĲĮȚ ȦȢ ĮțȠȜȠȪșȦȢ 

g
ph
w
w

U
  (1.9)

 
ȩʌȠȣ ww ,p U  İȓȞĮȚ Ș ʌȓİıȘ ĲȦȞ ʌȩȡȦȞ țĮȚ Ș ʌȣțȞȩĲȘĲĮ ĲȠȣ ȪįĮĲȠȢ ĮȞĲȓıĲȠȚȤĮ. 
 

 
ȈȤ. 1.32 
 
 

ȈĲȠȞ ʌĮȡĮțȐĲȦ ʌȓȞĮțĮ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȤĮȡĮțĲȘȡȚıĲȚțȑȢ ĲȚȝȑȢ ĲȘȢ įȚĮʌİȡĮĲȩĲȘĲĮȢ 
įȚĮĳȩȡȦȞ ȖİȦȜȠȖȚțȫȞ ıȤȘȝĮĲȚıȝȫȞ ȜȩȖȦ ʌȡȦĲȠȖİȞȠȪȢ ʌȠȡȫįȠȣȢ. 
 

 Ȁ [m/s] 
ȈȤȚıĲȩȜȚșȠȚ 10-2 y 10-9 
ǹıȕİıĲȩȜȚșȠȚ <10-7 
ȈțȜȘȡȩȢ ȜȚȖȞȓĲȘȢ 10-6 y 10-4 
ȂĮȖȝĮĲȚțȐ țĮȚ ȝİĲĮȝȠȡĳȦȝȑȞĮ 
ʌİĲȡȫȝĮĲĮ 10-12 y 10-11 

 
 
                                                 
7 ȈĲȘ ȝȘȤĮȞȚțȒ ĲȦȞ ʌİĲȡİȜĮȓȦȞ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ Ș ȝȠȞȐįĮ Darcy, 28 cm10darcy �|   
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1.4 ȈȣȝʌİȡȐıȝĮĲĮ 
 

ȊʌȐȡȤȠȣȞ įȪȠ ȝİȖȐȜİȢ țĮĲȘȖȠȡȓİȢ ȐȝİıȦȞ ȝȘȤĮȞȚıȝȫȞ ĮıĲȠȤȓĮȢ ȝİȖȐȜȦȞ ȣʌȠȖİȓȦȞ 
ȑȡȖȦȞ ȩʌȦȢ Ȝ.Ȥ. ıĲȠȫȞ, ıȘȡȐȖȖȦȞ, șĮȜȐȝȦȞ ț.Ȝʌ. țĮȚ İțıțĮĳȫȞ ȝȚțȡȠȪ ȝİȖȑșȠȣȢ ʌ.Ȥ. 
ȕĮșİȚȫȞ ȖİȦĲȡȒıİȦȞ ʌİĲȡİȜĮȓȠȣ.  ǹȣĲȠȓ ȠȚ ȝȘȤĮȞȚıȝȠȓ ĮıĲȠȤȓĮȢ İȓȞĮȚ: 

  
1. ȂȘȤĮȞȚıȝȠȓ șȡĮȪıȘȢ ʌȠȣ ıȤİĲȓȗȠȞĲĮȚ ȝİ ĲȘȞ ȪʌĮȡȟȘ ĮıȣȞİȤİȚȫȞ ıĲĮ ʌİĲȡȫȝĮĲĮ 

ȩʌȦȢ Ȝ.Ȥ. įȚĮțȜȐıİȚȢ, ıĲȡȦıȚȖİȞİȓȢ İʌȚĳȐȞİȚİȢ, ȡȒȖȝĮĲĮ, ȡȦȖȝȑȢ țĮȚ ʌȠȣ 
İʌȚĲĮȤȪȞȠȞĲĮȚ ȝİ ĲȘȞ ʌĮȡȠȣıȓĮ ȪįĮĲȠȢ ț.Ȝʌ. 

2. ȂȘȤĮȞȚıȝȠȓ ĮıĲȠȤȓĮȢ ĲȠȣ ĮȡȡȒțĲȠȣ ʌİĲȡȫȝĮĲȠȢ ıĲȘ ȖİȚĲȠȞȚȐ İțıțĮĳȒȢ ʌȠȣ 
İțįȘȜȫȞȠȞĲĮȚ ȝİ ĲȘ ȝȠȡĳȒ İĳİȜțȣıĲȚțȫȞ Ȓ įȚĮĲȝȘĲȚțȫȞ ȡȦȖȝĮĲȫıİȦȞ. 
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īİȦȝȘȤĮȞȚțȑȢ ȉĮȟȚȞȠȝȒıİȚȢ ȆİĲȡȦȝȐĲȦȞ 
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2.1 īİȦȝȘȤĮȞȚțȑȢ ȉĮȟȚȞȠȝȒıİȚȢ ǺȡĮȤȠȝȐȗĮȢ  
 

OȚ ȖİȦȝȘȤĮȞȚțȑȢ ĲĮȟȚȞȠȝȒıİȚȢ ĲȦȞ ȝĮȗȫȞ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ ĮȞĮȖȞȦȡȓȗȠȞĲĮȚ ıȒȝİȡĮ 
ȦȢ ĮȞĮȖțĮȓĮ İȡȖĮȜİȓĮ ȖȚĮ ĲȘȞ İțĲȓȝȘıȘ ĲȦȞ ıȣȞșȘțȫȞ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ ıĲĮ ȠʌȠȓĮ 
ʌȡȩțİȚĲĮȚ ȞĮ İțĲİȜİıșȠȪȞ ȣʌĮȓșȡȚĮ Ȓ ȣʌȩȖİȚĮ ȑȡȖĮ. Ǿ ʌİȡȚȠȤȒ ĮȣĲȒ ĲȘȢ ȖİȦȝȘȤĮȞȚțȒȢ 
ȑĲȣȤİ ȝİȖȐȜȠȣ İȞįȚĮĳȑȡȠȞĲȠȢ ȝİĲȐ ĲȚȢ ʌȡȦĲȠʌȠȡȚĮțȑȢ İȡȖĮıȓİȢ ĲȦȞ Terzaghi (1946), 
Lauffer (1958) țĮȚ Deere (1964). ȉȘȞ ĲİȜİȣĲĮȓĮ 25-İĲȓĮ ĮȞĮʌĲȪȤșȘțĮȞ țĮȚ ȤȡȘıȚȝȠʌȠȚ-
ȒșȘțĮȞ - İȚįȚțȫĲİȡĮ ıĲȘȞ țĮĲĮıțİȣȒ ıȘȡȐȖȖȦȞ - ĲȡȓĮ ıȣıĲȒȝĮĲĮ ĲĮȟȚȞȩȝȘıȘȢ, ȒĲȠȚ: 
(Į) ĲȠ ıȪıĲȘȝĮ RSR ĲȦȞ Wikham et al. (1972), (ȕ) ĲȠ RMR ĲȠȣ Bieniawski (1973), țĮȚ 
(Ȗ) ĲȠ ıȪıĲȘȝĮ Q ĲȦȞ Barton et al. (1974). 
 

2.2 ǿıĲȠȡȚțȒ ǹȞĮįȡȠȝȒ ȂİșȩįȦȞ ǻȚĮıĲĮıȚȠȜȠȖȒıİȦȢ ȈȘȡȐȖȖȦȞ 
 
ǼȝʌİȚȡȚțȒ ȂȑșȠįȠȢ ȉĮȟȚȞȩȝȘıȘȢ ĲȠȣ Terzaghi 
 

O Terzaghi (1946) įȚİĲȪʌȦıİ ĲȘȞ ʌȡȫĲȘ ȝȑșȠįȠ ȣʌȠȜȠȖȚıȝȠȪ ĲȘȢ ĳȩȡĲȚıȘȢ ıȒȡĮȖ-
ȖĮȢ ʌȠȣ ȣʌȠıĲȘȡȓȗİĲĮȚ Įʌȩ ȤĮȜȪȕįȚȞĮ ʌȜĮȓıȚĮ. ǹȣĲȩ ȒĲĮȞ ȑȞĮ ıȘȝĮȞĲȚțȩ ȕȒȝĮ ʌȡȠȢ 
ĲȘȞ ȠȡșȠȜȠȖȚțȠʌȠȓȘıȘ ĲȠȣ ıȤİįȚĮıȝȠȪ ıȘȡȐȖȖȦȞ İĳȩıȠȞ ĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ 50-İĲȓĮ Ș 
ȣʌȠıĲȒȡȚȟȘ ĲȦȞ ıȘȡȐȖȖȦȞ ȝİ ȤĮȜȪȕįȚȞĮ ʌȜĮȓıȚĮ ȒĲĮȞ țȠȚȞȒ ʌȡĮțĲȚțȒ. ȆȡȑʌİȚ ȩȝȦȢ ȞĮ 
İʌȚıȘȝĮȞșİȓ ȩĲȚ İȞȫ Ș ĲĮȟȚȞȩȝȘıȘ ʌȠȣ ʌȡȩĲİȚȞİ Ƞ Terzaghi ȒĲȠ İʌĮȡțȒȢ ȖȚĮ ĲȚȢ ʌİȡȚ-
ʌĲȫıİȚȢ İțİȓȞİȢ ȖȚĮ ĲȚȢ ȠʌȠȓİȢ țĮȚ țĮĲĮıțİȣȐıșȘțİ – ȒĲȠȚ ȖȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ 
ĳȠȡĲȓȦȞ ĲȘȢ ıȒȡĮȖȖĮȢ ʌȠȣ ȣʌȠıĲȘȡȓȗİĲĮȚ Įʌȩ ȤĮȜȪȕįȚȞĮ ʌȜĮȓıȚĮ – İȞĲȠȪĲȠȚȢ įİȞ İȓȞĮȚ 
İĳĮȡȝȩıȚȝȘ ȖȚĮ ȝİșȩįȠȣȢ ȣʌȠıĲȪȜȦıȘȢ ıȘȡȐȖȖȦȞ Ȝ.Ȥ. ȝİ țȠȤȜȓİȢ țĮȚ İțĲȠȟİȣȩȝİȞȠ 
ıțȣȡȩįİȝĮ. ȂİĲȐ Įʌȩ ȜİʌĲȠȝİȡİȓȢ ȑȡİȣȞİȢ Ƞ Cecil (1970) țĮĲȑȜȘȟİ ıĲȠ ıȣȝʌȑȡĮıȝĮ 
ȩĲȚ Ș ĲĮȟȚȞȩȝȘıȘ ĲȠȣ Terzaghi ȒĲĮȞ ʌȠȜȪ ȖİȞȚțȒ ȖȚĮ ȞĮ İʌȚĲȡȑȥİȚ ĲȘȞ ĮȞĲȚțİȚȝİȞȚțȒ 
İțĲȓȝȘıȘ ĲȘȢ ʌȠȚȩĲȘĲĮȢ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ țĮȚ įİȞ ȑįȚȞİ ʌȠıȠĲȚțȒ ʌȜȘȡȠĳȠȡȓĮ ȖȚĮ ĲȚȢ 
ȝȘȤĮȞȚțȑȢ ȚįȚȩĲȘĲİȢ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ.  
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ȈȤ. 2.1. ǼțĲĮıȘ ĲȘȢ ĲİȜȚțȒȢ ȣʌİȡİıțĮĳȒȢ ʌȑȡȚȟ ĮȞȣʌȠıĲȒȡȚțĲȘȢ ıȒȡĮȖȖĮȢ ıİ ʌȑĲȡȦȝĮ ȝİ 
ȠȡȚȗȩȞĲȚĮ ıĲȡȦıȚȖȑȞİȚĮ (Terzaghi 1946). 

 
ȈȤ.2.2. ǹʌȜȠʌȠȚȘȝȑȞȠ ıțĮȡȓĳȘȝĮ ĲȠȣ ĲȡȩʌȠȣ ĳȩȡĲȚıȘȢ ĲȘȢ ıȒȡĮȖȖĮȢ ıİ ȑįĮĳȠȢ (Terzaghi 1946). 
  
 

ȉȠ ȝȠȞĲȑȜȠ ĲȠȣ Terzaghi ʌȠȣ ĳĮȓȞİĲĮȚ ıĲĮ ȈȤ. 2.1 țĮȚ 2.2  ʌȡȠȕȜȑʌİȚ ȩĲȚ ıİ ʌȡȫĲȘ 
ĳȐıȘ ĲȠ ĳȠȡĲȓȠ ʌȠȣ İʌȐȖİȚ ȝİĲĮĲȩʌȚıȘ ıĲȘ ȕȡĮȤȩȝĮȗĮ ȝİĲĮĳȑȡİĲĮȚ ȝȑıȦ ĲȘȢ įȡȐıȘȢ 
ĲȘȢ įȠțȠȪ Ȓ ĲȘȢ ĲȡȚȕȒȢ, ĮȞĲȓıĲȠȚȤĮ, ıĲȠ ʌĮȡĮțİȓȝİȞȠ ʌȑĲȡȦȝĮ. ȀĮĲĮȡȤȒȞ ĲȠ ĳȠȡĲȓȠ 
ȣʌİȡȕĮȓȞİȚ ĲȘȞ ĮȞĲȠȤȒ ıİ țȐȝȥȘ ĲȦȞ įȠțȫȞ ʌȠȣ ıȤȘȝĮĲȓȗȠȞĲĮȚ Įʌȩ ĲȚȢ ıĲȡȫıİȚȢ ĲȠȣ 
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ʌİĲȡȫȝĮĲȠȢ țĮȚ ȠȚ ȠʌȠȓİȢ ȑȤȠȣȞ ȝȒțȠȢ ĲȠ ʌȜȐĲȠȢ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ țĮȚ ȪȥȠȢ ĲȠ ʌȐȤȠȢ 
țȐșİ ıĲȡȫıȘȢ. ǹȣĲȑȢ ȠȚ ıĲȡȫıİȚȢ ʌȠȣ ȖİȚĲȞȚȐȗȠȣȞ ȝİ ĲȘȞ İțıțĮĳȒ ĮıĲȠȤȠȪȞ ʌȡȫĲİȢ 
țĮȚ țĮĲĮțȡȘȝȞȓȗȠȞĲĮȚ. ǹʌ’ ĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ ĲĮ ȕȑȜȘ țȐȝȥȘȢ țĮȚ ȠȚ țĮȝʌĲȚțȑȢ ĲȐıİȚȢ 
ȝİȚȫȞȠȞĲĮȚ ȝİ ĲȠ ȪȥȠȢ ʌȐȞȦ Įʌȩ ĲȘȞ İțıțĮĳȒ İĳȩıȠȞ ĲĮ ĮȞȠȓȖȝĮĲĮ ĲȦȞ ȝȚțȡĮȓȞȠȣȞ 
ȜȩȖȦ ĲȘȢ įȡȐıȘȢ ĲȦȞ ʌĮțĲȦȝȑȞȦȞ įȠțȫȞ ĲȦȞ ĮıĲȠȤȘıȐȞĲȦȞ ıĲȡȫıİȦȞ (ȈȤ. 2.1). Ȃİ-
ĲȐ Įʌȩ ȠȡȚıȝȑȞȠ ȩȡȚȠ ʌȠȣ İȓȞĮȚ ʌİȡȓʌȠȣ ȓıȠ ȝİ 0.5Ǻ ȖȚĮ ʌİĲȡȫȝĮĲĮ țĮȚ t1p HBH �  
ȖȚĮ ȝĮȜĮțȐ İįȐĳȘ ȠȚ ĲȐıİȚȢ ʌȠȣ ĮȞĮʌĲȪııȠȞĲĮȚ ʌȐȞȦ Įʌȩ ĲĮ ĮʌȠȝİȚȠȪȝİȞĮ ĮȞȠȓȖȝĮĲĮ 
įİȞ ȣʌİȡȕĮȓȞȠȣȞ ĲȘȞ ĮȞĲȓıĲĮıȘ țȐȝȥȘȢ Ȓ ĲȘȞ ĮȞĲȠȤȒ ıİ įȚȐĲȝȘıȘ ĲȦȞ ıĲȡȫıİȦȞ 
ʌİĲȡȫȝĮĲȠȢ țĮȚ ĲȠȣ İįȐĳȠȣȢ, ĮȞĲȓıĲȠȚȤĮ. 

ȅıȠȞ ĮĳȠȡȐ ĲȘȞ ȤȡȠȞȚțȒ İȟȐȡĲȘıȘ ĲȘȢ ĮıĲȠȤȓĮȢ Ȓ ĲȘȢ ȤĮȜȐȡȦıȘȢ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ 
ıĲȘȞ ıĲȑȥȘ ĲȘȢ ıȒȡĮȖȖĮȢ ʌȡȑʌİȚ ȞĮ įȠșİȓ ȚįȚĮȓĲİȡȘ ʌȡȠıȠȤȒ ıĲȘȞ ȖȡȒȖȠȡȘ ȣʌȠıĲȪȜȦ-
ıȘ (underpinning) ĲȘȢ ȠȡȠĳȒȢ ĲȘȢ İțıțĮĳȒȢ İȟĮȚĲȓĮȢ ĲȠȣ ȖİȖȠȞȩĲȠȢ ȩĲȚ ȩȜĮ ĲĮ ʌİĲȡȫ-
ȝĮĲĮ ʌȠȣ ıȤȘȝĮĲȓȗȠȣȞ ĲȘȞ ȠȡȠĳȒ ĲȦȞ ıȘȡȐȖȖȦȞ ʌȐȞȦ Įʌȩ ĲȘ ȗȫȞȘ ĮıĲȠȤȓĮȢ İʌȚįİȚ-
țȞȪȠȣȞ ıȣȖțİțȡȚȝȑȞȘ ʌİȡȓȠįȠ įȡȐıȘȢ ĲȠȣ «șȩȜȠȣ» (ȤȡȩȞȠ ĮȣĲȠȨʌȠıĲȒȡȚȟȘȢ) ȒĲȠȚ «ıȣ-
ȖțİțȡȚȝȑȞȠ ȤȡȠȞȚțȩ įȚȐıĲȘȝĮ țĮĲȐ ĲȠ ȠʌȠȓȠ Ș ĳȣıȚțȒ ĮȞĲȠȤȒ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ İʌȚĲȡȑ-
ʌİȚ ĲȘȞ ȝİĲĮȕȓȕĮıȘ ĲȦȞ ĲȐıİȦȞ ıĲĮ ĲȠȚȤȫȝĮĲĮ ĲȘȢ İțıțĮĳȒȢ įİįȠȝȑȞȠȣ ĮȞȠȓȖȝĮĲȠȢ 
ȤȦȡȓȢ ĲȘȞ İțįȒȜȦıȘ İʌȚțȓȞįȣȞȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ Ȓ ĮıĲȠȤȓĮȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ». ǹȣĲȒ 
Ș ʌİȡȓȠįȠȢ ĮȣĲȠȨʌȠıĲȒȡȚȟȘȢ İȟĮȡĲȐĲĮȚ İțĲȩȢ Įʌȩ ĲȠ ȤȡȩȞȠ İțįȒȜȦıȘȢ ĲȘȢ ȣʌȑȡȕĮıȘȢ 
ĲȘȢ İțıțĮĳȒȢ ȜȩȖȦ ıĲĮįȚĮțȒȢ șȡĮȪıİȦȢ ĲȘȢ ȠȡȠĳȒȢ ĲȘȢ ıȒȡĮȖȖȠȢ țĮȚ Įʌȩ ĲȚȢ 
ȚįȚȩĲȘĲİȢ İȡʌȣıȝȠȪ ĲȠȣ ȣʌȩȥȘȞ ʌİĲȡȫȝĮĲȠȢ. ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ țĮĲȐ ĲȠȞ İȡʌȣıȝȩ 
ȖİȦȨȜȚțȫȞ Ș ıȣȞȠȜȚțȒ ʌĮȡĮȝȩȡĳȦıȘ ĲȦȞ įİȞ İțįȘȜȫȞİĲĮȚ ȝȩȞȠ Įʌȩ ĲȘȞ ĮȡȤȚțȒ 
ĳȩȡĲȚıȘ ĲȠȣ ĮȜȜȐ țĮȚ ıİ ȝİĲĮȖİȞȑıĲİȡȠ ıĲȐįȚȠ ʌȠȣ įȚĮȡțİȓ ȠȡȚıȝȑȞȠ ȤȡȠȞȚțȩ įȚȐıĲȘ-
ȝĮ țĮĲȐ ĲȠ ȠʌȠȓȠ Ș İʌȚȕĮȜȜȩȝİȞȘ ĲȐıȘ ʌĮȡĮȝȑȞİȚ ıĲĮșİȡȒ. Ǿ ĳȣıȚțȒ țĮȚ įȠȝȚțȒ 
İȟȒȖȘıȘ ĮȣĲȒȢ ĲȘȢ ȡİȠȜȠȖȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȦȞ ȖİȦȨȜȚțȫȞ ȝʌȠȡİȓ ȞĮ ĮʌȠįȠșİȓ ȝİ 
ȕȐıȘ ĲȘ ıȤȑıȘ ȝİĲĮȟȪ ĲȘȢ ʌĮȡĮȝȠȡĳȦıȚĮțȒȢ İȞȑȡȖİȚĮȢ țĮȚ ĲȘȢ ĳȑȡȠȣıĮȢ ȚțĮȞȩĲȘĲĮȢ 
ĲȦȞ įȠȝȚțȫȞ ȣȜȚțȫȞ. ȅĲĮȞ ıİ ȝȠȞȠįȚȐıĲĮĲȘ ıȣȞșȒțȘ ĳȩȡĲȚıȘȢ ĮȞĮʌĲȣȤșİȓ ĲȐıȘ V  ıİ 
ȠʌȠȚȠįȒʌȠĲİ įȠȝȚțȩ ıĲȠȚȤİȓȠ Ș ȠʌȠȓĮ İʌȚĳȑȡİȚ ĲȡȠʌȒ H  ĲȩĲİ Ș İȚįȚțȒ İȜĮıĲȚțȒ İȞȑȡȖİȚĮ 
ĲȠȣ ıĲȠȚȤİȓȠȣ ĮȣĲȠȪ İȓȞĮȚ 02/ 3 H�V  Ș ȠʌȠȓĮ șĮ ȖȓȞİȚ ȝȘįȑȞ ȩĲĮȞ ĲȠ ıȫȝĮ 
ĮʌȠĳȠȡĲȚıșİȓ (ȣʌȠșȑĲȦȞĲĮȢ ȩĲȚ įİȞ ȣʌȐȡȤȠȣȞ ʌĮȡĮȝȑȞȠȣıİȢ ʌĮȡĮȝȠȡĳȫıİȚȢ). ȁȩȖȦ 
ĲȘȢ ȕȚıțȠ-ʌȜĮıĲȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȦȞ ȖİȦȨȜȚțȫȞ ȝʌȠȡİȓ ȞĮ ĮȣȟȐȞİĲĮȚ Ș ĲȡȠʌȒ H  
țȐĲȦ Įʌȩ ıĲĮșİȡȒ ĲȐıȘ țĮȚ İʌȠȝȑȞȦȢ Ș İȚįȚțȒ ʌĮȡĮȝȠȡĳȦıȚĮțȒ İȞȑȡȖİȚĮ ĮȣȟȐȞİĲĮȚ 
Įʌȩ 03  ıİ 3 . ǹȞ țĮĲȐ ĲȘȞ ʌȐȡȠįȠ ĲȠȣ ȤȡȩȞȠȣ ĮȣĲȒ Ș ĲȚȝȒ ĲȘȢ İȚįȚțȒȢ İȞȑȡȖİȚĮȢ 3  
ȣʌİȡȕİȓ ĲȘȞ țȡȓıȚȝȘ ĳȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ İȞȑȡȖİȚĮȢ cr3  ĲȠȣ ıȣȖțİțȡȚȝȑȞȠȣ ȖİȦȨȜȚțȠȪ 
ĲȩĲİ ĮȣĲȩ ĮıĲȠȤİȓ ĮțȩȝĮ țĮȚ ȐȞ įİȞ ȑȤİȚ İʌȚıȣȝȕİȓ ĮȪȟȘıȘ ĲȠȣ ĳȠȡĲȓȠȣ. Ǿ ʌİȡȓȠįȠȢ 
ĮȣĲȒ ĲȘȢ ĮȪȟȘıȘȢ ĲȘȢ ĲȡȠʌȒȢ ȝȑȤȡȚ ĲȘȞ ĮıĲȠȤȓĮ ĲȠȣ ȖİȦȨȜȚțȠȪ İȓȞĮȚ ȠȣıȚĮıĲȚțȐ Ș 
ʌİȡȓȠįȠȢ ĲȘȢ įȡȐıȘȢ ĲȠȣ ĲȩȟȠȣ. ǹʌǯĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ țȐĲȦ Įʌȩ ĲȚȢ ȓįȚİȢ ıȣȞșȒțİȢ 
ĳȩȡĲȚıȘȢ țĮȚ ĲȠ ȓįȚȠ ȖİȦȨȜȚțȩ Ș ĳȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ İȓȞĮȚ țĮȚ ıȣȞȐȡĲȘıȘ ĲȘȢ ĲȐıȘȢ V  
Ș ȠʌȠȓĮ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȠ ȐȞȠȚȖȝĮ ĲȘȢ ıȒȡĮȖȖĮȢ Ȓ ĲȠȣ șĮȜȐȝȠȣ, ıȣȞİʌȫȢ Ș ʌİȡȓȠįȠȢ 
įȡȐıȘȢ ĲȠȣ ĲȩȟȠȣ ȝʌȠȡİȓ ȞĮ ĮȣȟȘșİȓ Ȓ ȞĮ ȝİȚȦșİȓ ȐȞ ȝİȚȦșİȓ (Ȝ.Ȥ. ȝİ ĲȘȞ ĲȠʌȠșȑĲȘıȘ 
ʌȡȠıȦȡȚȞȒȢ ĲİȤȞȘĲȒȢ ȣʌȠıĲȒȡȚȟȘȢ) Ȓ ĮȣȟȘșİȓ (ʌ.Ȥ. ȝİ ĲȘȞ įȚİȪȡȣȞıȘ ĲȘȢ İțıțĮĳȒȢ) 
ĮȞĲȓıĲȠȚȤĮ, ĲȠ ȐȞȠȚȖȝĮ ĲȘȢ İțıțĮĳȒȢ. 

īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȠȣ țĮĲĮțȩȡȣĳȠȣ ĳȠȡĲȓȠȣ ʌȠȣ İȟĮıțİȓĲĮȚ ıĲȘ ĲİȜȚțȒ İʌȑȞįȣıȘ 
ĲȘȢ ıȒȡĮȖȖĮȢ Ƞ Terzaghi ȑțĮȞİ ĲȚȢ İȟȒȢ İȝʌİȚȡȚțȑȢ ʌĮȡĮĲȘȡȒıİȚȢ: 

 
1. Ȉİ ıȣȝʌĮȖȒ ʌİĲȡȫȝĮĲĮ ʌȠȣ įȚĮıȤȓȗȠȞĲĮȚ Įʌȩ ȠȡȚȗȩȞĲȚİȢ ıĲȡȦıȚȖİȞİȓȢ İʌȚĳȐȞİȚİȢ 

ĲȠ ȝȑȖȚıĲȠ ĳȠȡĲȓȠ ȠĳİȓȜİĲĮȚ Įʌȩ ĲȘȞ ȝİȖĮȜȪĲİȡȘ ȣʌİȡİțıțĮĳȒ ʌȠȣ İȓȞĮȚ ʌȚșĮȞȩĲİ-
ȡȠ ȞĮ İʌȚıȣȝȕİȓ țĮĲȐ ĲȘȞ ĮȞĮĲȓȞĮȟȘ ĲȠȣ ȝİĲȫʌȠȣ. ȉȠ ʌȚșĮȞȩ ȪȥȠȢ ĲȘȢ ȣʌİȡİıțĮ-
ĳȒȢ İȓȞĮȚ ȓıȠ ȝİ ĲȠ ȒȝȚıȣ ĲȠȣ ʌȜȐĲȠȣȢ ĲȘȢ ıȒȡĮȖȖĮȢ (ȈȤ. 2.1) ıȣȞİʌȫȢ ĲȠ ĳȠȡĲȓȠ p 
șĮ įȓįİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ 
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ȚĮıĲȡȦıȚȖȑȞİ ȠȡȚȗȩȞĲȚĮ,
2
Bp J

  (2.1)

ȩʌȠȣ Ȗ ĲȠ ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȠȣ ȣʌİȡțİȚȝȑȞȠȣ ʌİĲȡȫȝĮĲȠȢ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ Ș 
ıĲȡȦıȚȖȑȞİȚĮ İȓȞĮȚ țĮĲĮțȩȡȣĳȘ ĲȩĲİ ĲȠ ĳȠȡĲȓȠ ĮʌȠįȓįİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ 

ȚĮıĲȡȦıȚȖȑȞİ ȩ,
4
Bp UXIKNDWDN
J

  (2.2)

ȈĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ȠȚ ıĲȡȦıȚȖİȞİȓȢ İʌȚĳȐȞİȚİȢ ȑȤȠȣȞ İȞįȚȐȝİıȘ țȜȓıȘ İʌȚıȣȝ-
ȕĮȓȞİȚ İʌȓıȘȢ ʌȜİȣȡȚțȒ ʌȓİıȘ ʌȠȣ șĮ ȑȤİȚ ȦȢ ĮʌȠĲȑȜİıȝĮ ĲȘȞ țȐȝȥȘ ĲȦȞ 
ĲȠȚȤȦȝȐĲȦȞ ĲȘȢ ıȒȡĮȖȖĮȢ (ȈȤ. 2.3). ȉȠ ȪȥȠȢ ĲȘȢ ȣʌİȡİțıțĮĳȒȢ ĮʌȠįȓįİĲĮȚ ʌȐȜȚ 
ȝİ ĲȘȞ ıȤȑıȘ (2.2). 

 
 

ȈȤ.2.3. ȈȒȡĮȖȖĮ ʌȠȣ įȚİȣșȪȞİĲĮȚ țĮĲȐ ĲȘȞ ʌĮȡȐĲĮȟȘ țİțȜȚȝȑȞȦȞ ıĲȡȦȝȐĲȦȞ. Ǿ țĮĲĮțȩȡȣĳȘ 
ıȣȞȚıĲȫıĮ ĲȠȣ ȕȐȡȠȣȢ ĲȠȣ ȣʌİȡțİȓȝİȞȠȣ ʌİĲȡȫȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ (=ȖǾ/ȘȝĮ) ĲȠȣ 
ȕȐȡȠȣȢ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȠ ȕȐșȠȢ h ĲȘȢ ıȒȡĮȖȖĮȢ.  
 
 
2. Ȉİ ȠȝȠȚȩȝȠȡĳȠ ʌȑĲȡȦȝĮ ȝȑĲȡȚȠȣ ȕĮșȝȠȪ ĮıȣȞİȤİȓĮȢ ĲȠ ȪȥȠȢ ĲȘȢ ȣʌİȡțİȓȝİȞȘȢ 

ȣʌİȡİțıțĮĳȒȢ ȝİ ĲȘȞ ȝȠȡĳȒ ıĳȒȞĮȢ ȝʌȠȡİȓ ȞĮ șİȦȡȘșİȓ ȩĲȚ İȓȞĮȚ 0.25Ǻ. 
3. Ȉİ ȡȘȖȝĮĲȦȝȑȞĮ ʌİĲȡȫȝĮĲĮ ʌȠȣ įȚĮıȤȓȗȠȞĲĮȚ Įʌȩ ȝİȖȐȜĮ ȡȒȖȝĮĲĮ Ƞ ȕĮșȝȩȢ 

ĮıȣȞİȤİȓĮȢ ȝʌȠȡİȓ ȞĮ țȣȝĮȓȞİĲĮȚ Įʌȩ ȝȚțȡȩȢ ȑȦȢ ʌȠȜȪ ȝİȖȐȜȠȢ ȩıȠ ʌȜȘıȚȐȗȠȣȝİ 
ıĲȚȢ ȡȘȟȚȖİȞİȓȢ ȗȫȞİȢ (Ȝ.Ȥ. ȝȣȜȦȞȚĲȠʌȠȚȘȝȑȞİȢ ȗȫȞİȢ), ĲȠ ĳȠȡĲȓȠ ʌȠȣ İȟĮıțİȓĲĮȚ 
ıĲȘȞ ȠȡȠĳȒ ĲȘȢ ıȒȡĮȖȖĮȢ ȖȓȞİĲĮȚ – ʌȐȞȦ Įʌȩ țȐʌȠȚȠ ȪȥȠȢ – ĮȞİȟȐȡĲȘĲȠ Įʌȩ ĲȠ 
ȕȐșȠȢ ĲȦȞ ȣʌİȡțİȚȝȑȞȦȞ țĮȚ İȟĮȡĲȐĲĮȚ ȝȩȞȠ Įʌȩ ĲȠ ʌȜȐĲȠȢ țĮȚ ĲȠ ȪȥȠȢ ĲȘȢ İțıțĮ-
ĳȒȢ. Ǿ ĲȡȚȕȒ ȝİĲĮȟȪ ĲȦȞ ĲİȝĮȤȓȦȞ ĲȠȣ țĮĲĮțİȡȝĮĲȚıȝȑȞȠȣ ʌİĲȡȫȝĮĲȠȢ Ȓ ĲȦȞ 
ıȦȝĮĲȚįȓȦȞ ĲȠȣ İįĮĳȚțȠȪ ȣȜȚțȠȪ ȠįȘȖİȓ ıĲȘȞ ĮȞȐʌĲȣȟȘ ĲȘȢ įȡȐıȘȢ ĲȠȣ «șȩȜȠȣ» 
ʌȠȣ İʌİțĲİȓȞİĲĮȚ ȖİȞȚțȐ ıİ ȪȥȠȢ 1.5Ǻ1 ȩʌȠȣ Ǻ1=B+Ht (ȈȤ. 2.2). 

 
 
ȉȠ ȈȪıĲȘȝĮ īİȦȝȘȤĮȞȚțȒȢ ȉĮȟȚȞȩȝȘıȘȢ ĲȠȣ Bieniawski 
 

ȉȠ ȣʌȩȥȘȞ ıȪıĲȘȝĮ ĲĮȟȚȞȩȝȘıȘȢ Rock Mass Rating (RMR) ĮȞĮʌĲȪȤșȘțİ Įʌȩ ĲȠȞ 
Ǻieniawski (1973) țȣȡȓȦȢ ȖȚĮ İĳĮȡȝȠȖȑȢ ıİ ıȒȡĮȖȖİȢ. ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ ĲȠ ıȪıĲȘȝĮ 
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ĮȣĲȩ ȑȤİȚ İĳĮȡȝȠıșİȓ țĮȚ ıĲȠ ıȤİįȚĮıȝȩ șĮȜȐȝȦȞ, ȣʌȩȖİȚȦȞ ȝİĲĮȜȜİȓȦȞ țĮȚ 
ĮȞșȡĮțȠȡȣȤİȓȦȞ țĮȚ ʌȡĮȞȫȞ. ǹȣĲȒ Ș ȖİȦȝȘȤĮȞȚțȒ ĲĮȟȚȞȩȝȘıȘ ĲȘȢ ȕȡĮȤȩȝĮȗĮȢ 
ȤȡȘıȚȝȠʌȠȚİȓ ĲȚȢ ĮțȩȜȠȣșİȢ ȑȟȚ ʌĮȡĮȝȑĲȡȠȣȢ ȩȜİȢ Įʌȩ ĲȚȢ ȠʌȠȓİȢ ȝʌȠȡȠȪȞ ȞĮ 
ȝİĲȡȘșȠȪȞ İʌȓ ĲȩʌȠȣ țĮȚ Įʌȩ įİįȠȝȑȞĮ ȖİȦĲȡȒıİȦȞ: 

 
1. ǹȞĲȠȤȒ ıİ ĮȞİȝʌȩįȚıĲȘ șȜȓȥȘ ĲȠȣ ĮȡȡȒțĲȠȣ ʌİĲȡȫȝĮĲȠȢ 
2. ǻİȓțĲȠȣ ʌȠȚȩĲȘĲĮȢ ʌİĲȡȫȝĮĲȠȢ (Rock Quality Designation, RQD) 
3. ǹʌȩıĲĮıȘ ȝİĲĮȟȪ ĲȦȞ ĮıȣȞİȤİȚȫȞ ĲȘȢ ȕȡĮȤȩȝĮȗĮȢ 
4. ĭȣıȚțȒ țĮĲȐıĲĮıȘ ĲȦȞ ĮıȣȞİȤİȚȫȞ 
5. ȈȣȞșȒțİȢ ȣʌȠȖİȓȦȞ ȣįȐĲȦȞ 
6. ȆȡȠıĮȞĮĲȠȜȚıȝȩȢ ĮıȣȞİȤİȚȫȞ 

 
ȅʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠȞ ȆȓȞ. 2.1 ĲȠ ıȪıĲȘȝĮ RMR ĮʌȠįȓįİȚ ĲȘȞ ıȣȞȠȤȒ, ĲȘȞ ȖȦȞȓĮ İıȦ-

ĲİȡȚțȒȢ ĲȡȚȕȒȢ țĮȚ ĲȠ ȝȑĲȡȠ įȣıĲȡȠʌȓĮȢ (țĮĲĮȤȡȘıĲȚțȫȢ ĲȠȣ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ) 
ȖȚĮ ʌȑȞĲİ țĮĲȘȖȠȡȓİȢ ȝĮȗȫȞ ʌİĲȡȦȝȐĲȦȞ. 
 
ȆȓȞĮțĮȢ 2.1: ȉĮȟȚȞȩȝȘıȘ ȕȡĮȤȠȝȐȗĮȢ țĮȚ ʌĮȡȐȝİĲȡȠȚ ıȤİįȚĮıȝȠȪ țĮĲȐ Bieniawski (1989) 
 

ȀĮĲȘȖȠȡȓĮ RMR ȆȠȚȩĲȘĲĮ 
ȕȡĮȤȠȝȐȗĮȢ 

ȈȣȞȠȤȒ 
(ȂPa) 

īȦȞȓĮ 
İıȦĲİȡȚțȒȢ 
ĲȡȚȕȒȢ 

ȂȑĲȡȠ 
ǼȜĮıĲȚțȩĲȘĲĮȢ (GPa) 

II 61-80 ȆȠȜȪ țĮȜȒ 0.3-0.4 35º- 45º 20-60 

III 41-60 ȀĮȜȒ 0.2-0.3 25º- 35º 5.6-20 

IV 21-40 ȂȑĲȡȚĮ 0.1-0.2 15º- 25º 1.8-5.6 
V <20 ȆȠȜȪ ʌĲȦȤȒ <0.1 <15º <1.8 

 
 

Ǿ İĳĮȡȝȠȖȒ ĲȠȣ RMR ȖȓȞİĲĮȚ ıİ ĲȝȒȝĮĲĮ ĲȘȢ ıȒȡĮȖȖȠȢ ʌȠȣ ȑȤȠȣȞ ȠȝȠȚȩȝȠȡĳĮ 
ȖİȦȜȠȖȚțȠ-ȝȘȤĮȞȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲĮ ȠʌȠȓĮ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȖȚĮ ĲȘȞ İȟĮȖȦȖȒ ĲȠȣ 
įİȓțĲȠȣ. 

ȉȠ ıȪıĲȘȝĮ RMR ȑȤİȚ ĮʌȠįİȚȤșİȓ ȩĲȚ İȓȞĮȚ ȤȡȒıȚȝȠ ȖȚĮ ĲȘȞ İțĲȓȝȘıȘ ĲȠȣ İʌȓ ĲȩʌȠȣ 
ȝȑĲȡȠȣ įȣıĲȡȠʌȓĮȢ ĲȘȢ ȝȐȗĮȢ ʌİĲȡȫȝĮĲȠȢ. ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ Ș İțĲȑȜİıȘ ȝİĲȡȒıİȦȞ ĲȘȢ 
İʌȓ ĲȩʌȠȣ ȝȑĲȡȠȣ įȣıĲȡȠʌȓĮȢ ȝĮȗȫȞ ʌİĲȡȦȝȐĲȦȞ Ȓ İįĮĳȫȞ ȝʌȠȡȠȪȞ ȞĮ ȖȓȞȠȣȞ ȝİ ĲȘȞ  
ȕȠȒșİȚĮ: 

x ǻȠțȚȝȒ ȝİ ĳȩȡĲȚıȘ ȩȖțȠȣ ĲȠȣ İʌȓ ĲȩʌȠȣ ʌİĲȡȫȝĮĲȠȢ ȝİ ʌȜȐțİȢ ȑįȡĮıȘȢ (plate 
bearing test) 

x ǻȠțȚȝȒ İʌȓʌİįȠȣ ȖȡȪȜȜȠȣ (flat jack test) 
x ǻȠțȚȝȒ ĮțĲȚȞȚțȒȢ ʌȡȑııĮȢ (radial press test) 
x ǻȠțȚȝȒ ȖȡȪȜȜȠȣ ȖİȦĲȡȒıİȦȞ (borehole jack test) 
x ǻȠțȚȝȒ įȚȠȖțȦıȚȩȝİĲȡȠȣ (dilatometer test) 
x ǻȠțȚȝȒ įȚȐįȠıȘȢ ȝȚțȡȠıİȚıȝȚțȫȞ țȣȝȐĲȦȞ («petite seismique» test) 
 
ǹȣĲȩ țĮĲĮįİȚțȞȪİĲĮȚ ıĲȠ ȈȤ. 2.4 ȩʌȠȣ ĳĮȓȞİĲĮȚ Ș țĮȜȪĲİȡȘ ȖȡĮȝȝȚțȒ ʌĮȡİȝȕȠȜȒ 

ĲȦȞ İʌȓ ĲȩʌȠȣ ȝİĲȡȒıİȦȞ ĲȠȣ ȝȑĲȡȠȣ įȣıĲȡȠʌȓĮȢ ıȣȞĮȡĲȒıİȚ ĲȠȣ įİȓțĲȠȣ RMR țĮȜȒȢ 
ʌȠȚȩĲȘĲĮȢ ȝĮȗȫȞ ʌİĲȡȦȝȐĲȦȞ (țȜȐıİȚȢ ǿǿǿ, ǿǿ țĮȚ ǿ) ȝİ ıȣȞĲİȜİıĲȒ ıȣıȤȑĲȚıȘȢ 0.9612 
(Bieniawski, 1978) Ș ȠʌȠȓĮ ȑȤİȚ ĲȘ ȝȠȡĳȒ 

50RMR,100RMR2E !�  (2.3)
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ȩʌȠȣ E İțĳȡȐȗİĲĮȚ ıİ GPa. ȂȚĮ İȝʌİȚȡȚțȒ (ĳĮȚȞȠȝİȞȠȜȠȖȚțȒ) ıȤȑıȘ ȖȚĮ ȩȜİȢ ĲȚȢ țĮĲȘ-
ȖȠȡȓİȢ ʌİĲȡȦȝȐĲȦȞ țĮȚ țȣȡȓȦȢ ȖȚĮ ĲȚȢ țĮĲȘȖȠȡȓİȢ ǿV țĮȚ V ʌȡȠĲȐșȘțİ Įʌȩ ĲȠȣȢ 
Serafim & Pereira (1983) ȑȤİȚ įİ ĲȘ ȝȠȡĳȒ 

50RMR,10E 40
10RMR

� 

�

 
(2.4)

 
ȩʌȠȣ E İțĳȡȐȗİĲĮȚ ıİ GPa. 
 

 
ȈȤ. 2.4. ȈȣıȤȑĲȚıȘ ȝİĲĮȟȪ ĲȠȣ İʌȓ ĲȩʌȠȣ ȝȑĲȡȠȣ įȣıĲȡȠʌȓĮȢ țĮȚ ĲȠȣ ȈȣıĲȒȝĮĲȠȢ īİȦȝȘȤĮȞȚțȒȢ 
ȉĮȟȚȞȩȝȘıȘȢ (RMR). 
 
 

īȚĮ ĲȘȞ ʌİȡȓʌĲȦıȘ șĮȜȐȝȦȞ țĮȚ ıȘȡȐȖȖȦȞ ĲȠ ĮʌȠĲȑȜİıȝĮ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ 
ıȪıĲȘȝĮ RMR ȩıȠȞ ĮĳȠȡȐ ĲȘ ıȤȑıȘ ĲȠȣ ȝİȖȑșȠȣȢ ĲȘȢ İțıțĮĳȒȢ țĮȚ ĲȠȣ ȤȡȩȞȠȣ ĮȣĲȠ-
ȨʌȠıĲȒȡȚȟȘȢ (ĮʌȠĲȑȜİıȝĮ İȡʌȣıȝȠȪ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ) ȜȩȖȦ ĲȠȣ ĳĮȚȞȠȝȑȞȠȣ ĳȣıȚțȒȢ 
ȣʌȠıĲȒȡȚȟȘȢ ĲȠȣ ĲȩȟȠȣ ʌĮȡȠȣıȚȐȗİĲĮȚ ıĲȠ ȈȤ. 2.5. 
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ȈȤ. 2.5. ȈȣıȤȑĲȚıȘ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ șĮȜȐȝȦȞ Ȓ ıȘȡȐȖȖȦȞ ȝİ ĲȠ ȤȡȩȞȠ ĮȣĲȠȨʌȠıĲȒȡȚȟȘȢ ȖȚĮ ĲȚȢ 
įȚȐĳȠȡİȢ țȜȐıİȚȢ ĲȠȣ ȈȣıĲȒȝĮĲȠȢ īİȦȝȘȤĮȞȚțȒȢ ȉĮȟȚȞȩȝȘıȘȢ (RMR,, Bieniawski, 1987). 
 

To ĳȠȡĲȓȠ ʌȠȣ İȟĮıțİȓĲĮȚ ıĲȘȞ ȝȩȞȚȝȘ İʌȑȞįȣıȘ ĲȘȢ ıȒȡĮȖȖĮȢ ȝʌȠȡİȓ ȞĮ 
ȣʌȠȜȠȖȚıșİȓ ȝİ ȕȐıȘ ĲȠ RMR ıȪȝĳȦȞĮ ȝİ ĲȘȞ ĮțȩȜȠȣșȘ İȝʌİȚȡȚțȒ ıȤȑıȘ (Unal, 
1983) 

%J
�

 
100

RMR100P  (2.5)

 
ȩʌȠȣ P İȓȞĮȚ ĲȠ ĳȠȡĲȓȠ ȣʌȠıĲȪȜȦıȘȢ, Ȗ İȓȞĮȚ ĲȠ ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȘȢ ȝȐȗĮȢ ĲȠȣ ȣʌİȡ-
țİȚȝȑȞȠȣ ʌİĲȡȫȝĮĲȠȢ (kȃ/m3) țĮȚ Ǻ (m) ĲȠ ȐȞȠȚȖȝĮ ĲȘȢ İțıțĮĳȒȢ. īȚĮ ʌĮȡȐįİȚȖȝĮ ĲȠ 
ȈȤ. 2.6 ʌĮȡȠȣıȚȐȗİȚ ĲȘȞ İȟȐȡĲȘıȘ ĲȠ ĳȠȡĲȓȠȣ ʌȠȣ İȟĮıțİȓĲĮȚ ıĲȘȞ ȝȩȞȚȝȘ İʌȑȞįȣıȘ 
(lining) ȝȚĮȢ ıȒȡĮȖȖĮȢ ĮȞȐ ȝȠȞȐįĮ ȝȒțȠȣȢ ĮȣĲȒȢ ıȣȞĮȡĲȒıİȚ ĲȠȣ ʌȜȐĲȠȣȢ ĲȘȢ ȩĲĮȞ 
ĮȣĲȒ ȠȡȪııİĲĮȚ ıİ ȕȡĮȤȠȝȐȗİȢ įȚĮĳȩȡȦȞ țȜȐıİȦȞ.  
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ȈȤ. 2.6. ȂİĲĮȕȠȜȒ ĲȠȣ ĳȠȡĲȓȠȣ ʌȠȣ İȟĮıțİȓĲĮȚ ıĲȘ ȝȩȞȚȝȘ ȣʌȠıĲȒȡȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ ĮȞȐ ȝȠȞȐįĮ 
ȝȒțȠȣȢ ĮȣĲȒȢ ıȣȞĮȡĲȒıİȚ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ ĲȘȢ İțıțĮĳȒȢ ȖȚĮ įȚȐĳȠȡİȢ țȜȐıİȚȢ ĲȠȣ ȈȣıĲȒȝĮĲȠȢ 
īİȦȝȘȤĮȞȚțȒȢ ȉĮȟȚȞȩȝȘıȘȢ (RMR) (Unal, 1983). 

 
 

ȈĲȠ ȈȤ. 7 ʌĮȡȠȣıȚȐȗİĲĮȚ Ș ȝİșȠįȠȜȠȖȓĮ ȖȚĮ ĲȘ įȚȩȡșȦıȘ ĲȠȣ RMR ĲȠ ȠʌȠȓȠ șİȦȡİȓ 
İʌȚʌȜȑȠȞ ĲȘȞ İʌȓįȡĮıȘ (Į) ĲȘȢ İʌĮȖȩȝİȞȘȢ ĳșȠȡȐȢ ıĲȠ ʌİȡȚȕȐȜȜȠȞ ĲȘȞ İțıțĮĳȒ ʌȑ-
ĲȡȦȝĮ ȜȩȖȦ ĮȞĮĲȚȞȐȟİȦȞ, (ȕ) ĲȘȞ ȝİĲĮȕȠȜȒ ĲȦȞ İʌȓ ĲȩʌȠȣ ĲȐıİȦȞ ȜȩȖȦ ĲȘȢ İȟȩȡȣȟȘȢ 
ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ Ȓ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȦȞ ĮȞȠȚȖȝȐĲȦȞ țĮȚ (Ȗ) ĲȘȞ ʌĮȡȠȣıȚȐ ȝİȖȐȜȦȞ 
ȡȘȖȝȐĲȦȞ, ȑĲıȚ ȫıĲİ ȞĮ ȝʌȠȡİȓ ȞĮ İĳĮȡȝȠıșİȓ ıĲȘȞ İțȝİĲȐȜȜİȣıȘ ȝİĲĮȜȜİȓȦȞ. 
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ȈȤ. 2.7. ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ ĲȠȣ ȉȡȠʌȠʌȠȚȘȝȑȞȠȣ ȈȣıĲȒȝĮĲȠȢ īİȦȝȘȤĮȞȚțȒȢ ȉĮȟȚȞȩȝȘıȘȢ (RMR) 
ȫıĲİ ȞĮ ȝʌȠȡİȓ ȞĮ İĳĮȡȝȠıșİȓ ıĲȘȞ İțȝİĲȐȜȜİȣıȘ ȝİĲĮȜȜİȓȦȞ. 
 
 
 

AȞĮțİĳĮȜĮȚȫȞȠȞĲĮȢ, ĲȠ ȈȪıĲȘȝĮ īİȦȝȘȤĮȞȚțȒȢ ȉĮȟȚȞȩȝȘıȘȢ ʌȠȣ ȑȤİȚ ʌȡȠĲĮșİȓ 
Įʌȩ ĲȠȞ Bieniawski (1973) İʌȚĲȡȑʌİȚ ĲȘȞ İțĲȓȝȘıȘ ĲȠȣ RMR, ĲȠȣ ĮȞȣʌȠıĲȒȡȚțĲȠȣ 
ĮȞȠȓȖȝĮĲȠȢ ĲȘȢ İțıțĮĳȒȢ, ĲȠ ȤȡȩȞȠ ĮȣĲȠȨʌȠıĲȒȡȚȟȘȢ, ĲȚȢ ĮʌĮȚĲȒıİȚȢ ıİ ȝȑĲȡĮ ȝȩȞȚȝȘȢ 
ȣʌȠıĲȒȡȚȟȘȢ ȝȑıȦ ĲȠȣ ȣʌȠȜȠȖȚıȝȠȪ ĲȠȣ ĳȠȡĲȓȠȣ ʌȠȣ ĮıțİȓĲĮȚ İʌȓ ĮȣĲȒȢ, ĲȠ İʌȓ ĲȩʌȠȣ 
ȝȑĲȡȠ ʌĮȡĮȝȠȡĳȦıȚȝȩĲȘĲĮȢ, ĲȘȞ ıȣȞȠȤȒ țĮȚ ĲȘȞ ȖȦȞȓĮ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ ĲȘȢ ȕȡĮȤȩ-
ȝĮȗĮȢ. 
 
 
 
2.3 BȚȕȜȚȠȖȡĮĳȓĮ 2oȣ ȀİĳĮȜĮȓȠȣ 
 
Ǻieniawski, Z.T. (1984). Rock Mechanics Design in Mining and Tunneling. A.A. 

Balkema, Roterdam. 
Szèchy, K. (1973). The Art of Tunneling. 2nd English Edition, Akademiai Kiado, 

Budapest. 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

KİĳȐȜĮȚȠ 3: 
 
 

ĬİȦȡȘĲȚțȒ ǹȞȐȜȣıȘ ǻȚĮıĲĮıȚȠȜȩȖȘıȘȢ ȈȘȡȐȖȖȦȞ 
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ǻȚĮıĲĮıȚȠȜȩȖȘıȘ ȆȡȠıȦȡȚȞȒȢ ȊʌȠıĲȒȡȚȟȘȢ ȈȒȡĮȖȖĮȢ ȝİ ǹȞĮȜȣĲȚțȑȢ țĮȚ 
ǹȡȚșȝȘĲȚțȑȢ ȂİșȩįȠȣȢ 
 

ǼȚıĮȖȦȖȒ 
 

ȅ ıȤİįȚĮıȝȩȢ ĲȘȢ ĮțȠȜȠȣșȓĮȢ (Ȓ ıȣıĲȒȝĮĲȠȢ) İȟȩȡȣȟȘȢ țĮȚ ȣʌȠıĲȒȡȚȟȘȢ ȖȚĮ ĲȘȞ țĮ-
ĲĮıțİȣȒ İȞȩȢ ȣʌȠȖİȓȠȣ ȑȡȖȠȣ İȓȞĮȚ ȑȞĮ ʌȠȜȪʌȜȠțȠ ʌȡȩȕȜȘȝĮ ĲȘȢ ȂȘȤĮȞȚțȒȢ. ȅ ıȤİ-
įȚĮıĲȒȢ ʌȡȑʌİȚ ȞĮ șİȦȡȒıİȚ ʌȠȜȜȠȪȢ ʌĮȡȐȖȠȞĲİȢ ȖȚĮ ȞĮ İʌȚȜȑȟİȚ ĲȠ țĮĲĮȜȜȘȜȩĲİȡȠ 
ıȪıĲȘȝĮ. ȂİȡȚțȠȓ Įʌȩ ĮȣĲȠȪȢ ĲȠȣȢ ʌĮȡȐȖȠȞĲİȢ İȓȞĮȚ ȠȚ İȟȒȢ:  

 
x ȉȠ ȝȑȖİșȠȢ țĮȚ Ș ȖİȦȝİĲȡȓĮ įȚĮĲȠȝȒȢ ĲȘȢ ıȒȡĮȖȖȠȢ 
x ȅȚ ȚįȚȩĲȘĲİȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ȣʌȠıĲȒȡȚȟȘȢ 
x ȅȚ ĮȞĮȝİȞȩȝİȞİȢ ıȣȞșȒțİȢ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ 
x Ǿ ĮȞĮȝİȞȩȝİȞȘ ȝȘȤĮȞȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ țĮĲȐ ĲȘȞ İȟȩȡȣȟȘ 

ĲȘȢ ıȒȡĮȖȖȠȢ 
x Ǿ įȚĮșİıȚȝȩĲȘĲĮ İȖțĮĲĮıĲȐıİȦȞ, ȝȘȤĮȞȘȝȐĲȦȞ țĮȚ ʌȡȠıȦʌȚțȠȪ ȖȚĮ ĲȘȞ İțĲȑȜİıȘ 

ĲȦȞ İȡȖĮıȚȫȞ 
x ȅȚ ʌȡȠįȚĮȖȡĮĳȑȢ ȖȚĮ țĮșȚȗȒıİȚȢ ıĲȘȞ İʌȚĳȐȞİȚĮ 

 
ȈĲĮ ȈȤ. 3.1Į țĮȚ ȕ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ įȚȐĳȠȡȠȚ ĲȪʌȠȚ İțıțĮĳȫȞ țĮȚ ȣʌȠıĲȒȡȚȟȘȢ Įʌȩ 1 

– 8 ʌȠȣ İĳĮȡȝȩȗȠȞĲĮȚ ıȣȞȒșȦȢ țĮĲȐ ĲȘȞ țĮĲĮıțİȣȒ ıȘȡȐȖȖȦȞ. AȣĲȠȓ İȓȞĮȚ ȖȚĮ ıȒȡĮȖ-
ȖİȢ ʌȠȣ ȣʌȠıĲȘȡȓȗȠȞĲĮȚ ȝİ țȐʌȠȚȠ ıȣȞįȣĮıȝȩ İȞȚıȤȣȝȑȞȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮ-
ĲȠȢ, ȤĮȜȪȕįȚȞĮ ĲȩȟĮ, țȠȤȜȓİȢ, ĮȖțȪȡȚĮ țĮȚ ȐȜȜĮ ıĲȠȚȤİȓĮ ȣʌȠıĲȒȡȚȟȘȢ. īİȞȚțȐ Ƞ ʌȠȚȩ 
țȡȓıȚȝȠȢ ʌĮȡȐȖȠȞĲĮȢ İȓȞĮȚ ȠȚ ʌȡȠȕȜİʌȩȝİȞİȢ ȖİȦȝȘȤĮȞȚțȑȢ ıȣȞșȒțİȢ țĮȚ Ș ȝİĲĮȕȜȘĲȩ-
ĲȘĲĮ ĲȦȞ ȚįȚȠĲȒĲȦȞ ĲȠȣ İįȐĳȠȣȢ Ȓ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ. ȅȚ ıȣȞȒșİȚȢ ʌĮȡȐȝİĲȡȠȚ ıȤİįȚĮ-
ıȝȠȪ İȓȞĮȚ ĲĮ ȝȑĲȡĮ ʌĮȡĮȝȠȡĳȦıȚȝȩĲȘĲĮȢ Ǽ țĮȚ Ȟ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıĲȠ țĮĲĮıĲĮ-
ĲȚțȩ ȞȩȝȠ ĲȐıȘȢ-ĲȡȠʌȒȢ Ȓ ĲȡȠʌȒȢ-ĲȐıȘȢ: 
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� �> @ijkkijij

ijkkijij
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2111  (3.1)

 
EʌȓıȘȢ, ȐȜȜİȢ ĮȞĮȖțĮȓİȢ ıȤİįȚĮıĲȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ İȓȞĮȚ Ș 

ıȣȞȠȤȒ c țĮȚ Ș ȖȦȞȓĮ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ ĳ ʌȠȣ ʌİȡȚȖȡȐĳȠȣȞ ĲȘȞ ȖȡĮȝȝȚțȒ8 ʌİȡȚȕȐȜ-
ȜȠȣıĮ ĮıĲȠȤȓĮȢ Mohr-Coulomb (ȈȤ. 3Į). ȅʌȦȢ șĮ įȠȪȝİ ʌĮȡĮțȐĲȦ, İȟĮȚĲȓĮȢ ĲȘȢ 
İʌȓʌİįȘȢ (įȚ-įȚȐıĲĮĲȘȢ) ʌȡȠıȑȖȖȚıȘȢ ʌȠȣ țȐȞȠȣȝİ ȖȚĮ ȑȞĮ ʌȡĮțĲȚțȐ ĲȡȚıįȚȐıĲĮĲȠ ʌȡȩ-
ȕȜȘȝĮ ȖȪȡȦ Įʌȩ ĲȠ ȝȑĲȦʌȠ ĲȘȢ ıȒȡĮȖȖȠȢ, ȤȡİȚĮȗȩȝĮıĲİ ĮțȩȝĮ įȪȠ ıȤİįȚĮıĲȚțȑȢ ʌĮ-
ȡĮȝȑĲȡȠȣȢ ʌȠȣ İȓȞĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ İțĲȩȞȦıȘȢ ĲȦȞ ĲȐıİȦȞ (stress relaxation factor), Ȝ 
( 10 dOd ), țĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ ȣʌİȡĳȩȡĲȦıȘȢ, ȃ, ıİ ıȘȝİȓȠ İʌȓ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ ıȒ-
ȡĮȖȖȠȢ. 

                                                 
8 ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ Ș ʌİȡȚȕȐȜȜȠȣıĮ ĮıĲȠȤȓĮȢ ȝʌȠȡİȓ ȞĮ ȝȘȞ İȓȞĮȚ ȖȡĮȝȝȚțȒ. 



ȀİĳȐȜĮȚȠ 3Ƞ  55

Ĳ = (PM -ı)/s

O
ı3 ıf

s = tanĳp

ĳp

c

Ĳf

Ĳn

D

ı1 ın

Ĳ = c + sı

PM 

 
ȈȤ. 3Į 

 
 

ǼʌȠȝȑȞȦȢ, İȓȞĮȚ ıȘȝĮȞĲȚțȩ ȞĮ ĮʌȠțĲȘșİȓ Ș ĮʌĮȡĮȓĲȘĲȘ ȖȞȫıȘ ȖȚĮ ĲȘȞ ĳȪıȘ ĲȠȣ 
İįȐĳȠȣȢ Ȓ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ țĮȚ ȖȚĮ ĲȘȞ ıȣȝʌİȡȚĳȠȡȐ ĮȣĲȠȪ țĮĲȐ ĲȘȞ įȚȐȞȠȚȟȘ ĲȘȢ 
ıȒȡĮȖȖȠȢ. ȀĮĲȐ ĲȘȞ įȚȐȞȠȚȟȘ ĲȘȢ ıȒȡĮȖȖȠȢ ȠȚ ıȣȞĮȞĲȫȝİȞİȢ ıȣȞșȒțİȢ ĲȠȣ İįȐĳȠȣȢ 
ʌȡȑʌİȚ ȞĮ ıȣȖțȡȓȞȦȞĲĮȚ ȝİ ĮȣĲȑȢ ʌȠȣ İȓȤĮȞ șİȦȡȘșİȓ ıĲȘȞ ĳȐıȘ ĲȠȣ ıȤİįȚĮıȝȠȪ. ǼȓȞĮȚ 
ĲȩĲİ įȣȞĮĲȩȞ ȞĮ ĮȞĮșİȦȡȘșİȓ ĲȠ ıȪıĲȘȝĮ İȟȩȡȣȟȘȢ țĮȚ ȣʌȠıĲȒȡȚȟȘȢ ȑĲıȚ ȫıĲİ ȞĮ 
ȕİȜĲȚȦșİȓ Ș ıȣȞȠȜȚțȒ ȝȘȤĮȞȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȘȢ ıȒȡĮȖȖĮȢ.  

ȅȚ ȝİĲĮȕȠȜȑȢ ĮȣĲȑȢ ʌȡȑʌİȚ ȞĮ ȖȓȞȠȣȞ ȝİ ȕȐıȘ ȝȩȞȠ ĲȦȞ įİįȠȝȑȞȦȞ ĲȦȞ ȖİȦĲİȤȞȚțȫȞ 
ȝİĲȡȒıİȦȞ țĮȚ ȝİ ĲȘ ıȪȝĳȦȞȘ ȖȞȫȝȘ ĲȠȣ ȝİȜİĲȘĲȒ. ȉȑĲȠȚİȢ ȝİĲĮȕȠȜȑȢ İȓȞĮȚ ıȣȞȒșȘȢ 
ıĲȘȞ ȝȠȞĲȑȡȞĮ ʌȡĮțĲȚțȒ ĲȘȢ ıȘȡĮȖȖȠʌȠȚȓĮȢ, ȝʌȠȡȠȪȞ įİ ȞĮ ʌİȡȚȜĮȝȕȐȞȠȣȞ: 

 
x ȉȘȞ ȝİȓȦıȘ ĲȠȣ ȤȡȩȞȠȣ ȖȚĮ ĲȘȞ İȟȩȡȣȟȘ ĲȠȣ įĮʌȑįȠȣ țĮȚ ĲİȜİȚȫȝĮĲȠȢ ĲȘȢ 

įȚĮĲȠȝȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ ĮȜȜȐȗȠȞĲĮȢ ĲȠ ıȤİįȚĮıȝȩ Įʌȩ ĲȠȞ ĲȪʌȠ 5 ıĲȠȞ ĲȪʌȠ 6 ȝİ 
ıțȠʌȩ ĲȘȞ İȜĮȤȚıĲȠʌȠȓȘıȘ ĲȘȢ İʌȚĳĮȞİȚĮțȒȢ țĮșȓȗȘıȘȢ.  

x ȉȘȞ ĮȪȟȘıȘ ĲȠȣ ȡȣșȝȠȪ ʌĮȡĮȖȦȖȒȢ ȝİ ĲȘȞ ȝȘ-įȚȐȞȠȚȟȘ ȝİĲȫʌȦȞ ıĲȑȥȘȢ ĮȞ ĮȣĲȐ 
įİȞ İȓȞĮȚ ĮʌĮȡĮȓĲȘĲĮ ȩʌȦȢ ĮȜȜĮȖȒ ĲȠȣ ıȤİįȚĮıȝȠȪ Įʌȩ ĲȠȞ ĲȪʌȠ 3 ıĲȠȞ ĲȪʌȠ 2.  
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ǼȚțȩȞĮ 3.1. (Į) ȂȑșȠįȠȚ ıĲĮįȚĮțȒȢ İȟȩȡȣȟȘȢ ıȒȡĮȖȖȠȢ (ȃǹȉȂ). 

 
 



 57

 

 
 
 

ǼȚțȩȞĮ 3.1. (Ǻ) ȂȑșȠįȠȚ ıĲĮįȚĮțȒȢ İȟȩȡȣȟȘȢ ıȒȡĮȖȖȠȢ (ȃǹȉȂ). 
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ȉĮȟȚȞȠȝȒıİȚȢ ǺȡĮȤȠȝȐȗĮȢ - īİȦĲİȤȞȚțȑȢ ȆĮȡȐȝİĲȡȠȚ ȈȤİįȚĮıȝȠȪ 
 

ȅȚ ȉİȤȞȚțȑȢ ȆȡȠįȚĮȖȡĮĳȑȢ ĲȘȢ ıȪȝȕĮıȘȢ țĮĲĮıțİȣȒȢ ĲȠȣ ȑȡȖȠȣ ʌȡȠȕȜȑʌȠȣȞ ıȣ-
ȞȒșȦȢ ıȣıȤİĲȚıȝȩ ĲȦȞ țĮĲȘȖȠȡȚȫȞ İțıțĮĳȒȢ țĮȚ ȣʌȠıĲȪȜȦıȘȢ ĲȘȢ ıȒȡĮȖȖĮȢ ȝİ ĲȘȞ 
ȕĮșȝȠȞȩȝȘıȘ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ țĮĲȐ Ǻieniawski (ȆȓȞ. 3.1).  
 
ȆȓȞĮțĮȢ 3.1: ǹȞĲȚıĲȠȚȤȓĮ ǻȚĮĲȠȝȫȞ ȊʌȠıĲȪȜȦıȘȢ / ȀĮĲȐĲĮȟȘȢ ǺȡĮȤȠȝȐȗĮȢ 
 

ǺĮșȝȠȞȩȝȘıȘ Bieniawski 
TȚȝȑȢ RMR 

            80            60            40             20 

ǺĮșȝȠȞȩȝȘıȘ Bieniawski 
ȀĮĲȘȖȠȡȓİȢ ȆİĲȡȫȝĮĲȠȢ 

 
I 

 
II 

 
III 

 
IV 

 
V 

ǻȚĮĲȠȝȑȢ ȊʌȠıĲȪȜȦıȘȢ  
 
 

I 
 
 
 
 

 
II 

 
 

Iǿǿa 
 

 
 
 

    IIIb 
 

 
 

ǼĲıȚ, țĮȚ ȠȚ ʌĮȡȐȝİĲȡȠȚ ıȤİįȚĮıȝȠȪ ĲȦȞ ȝȑĲȡȦȞ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȪȜȦıȘȢ ıȣıȤİ-
ĲȓȗȠȞĲĮȚ ȝİ ĲȘȞ ʌȠȚȩĲȘĲĮ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ, ıȣȞȣʌȠȜȠȖȓȗȠȞĲĮȢ ĲĮ İȡȖĮıĲȘȡȚĮțȐ ĮʌȠĲİ-
ȜȑıȝĮĲĮ, ĲȘ ıȣȞȠȜȚțȒ İțĲȓȝȘıȘ ĲȘȢ ʌȠȚȩĲȘĲĮȢ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ țĮȚ ĲȘȞ ȝȑȤȡȚ ĲȫȡĮ 
İȝʌİȚȡȓĮ ıİ ʌĮȡȩȝȠȚȠȣȢ ıȤȘȝĮĲȚıȝȠȪȢ (ȆȓȞ. 3.2).  

 
ȆȓȞĮțĮȢ 3.2: ȀĮĲȘȖȠȡȓİȢ įȚĮĲȠȝȫȞ țĮȚ ĮȞĲȓıĲȠȚȤİȢ ȖİȦĲİȤȞȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ıȤİįȚĮıȝȠȪ 

 
ȀĮĲȘȖȠȡȓĮ įȚĮĲȠȝȫȞ ȣʌȠıĲȪȜȦıȘȢ ǿįȚȩĲȘĲİȢ ǿ ǿǿ ǿǿǿa ǿIIb 

E (MPa) 10000 8000 3000 1500 
ȃ 0,2 0,2 0,2 0,2 
c (MPa) 0,5 0,3 0,2 0,15 
ĳ (Ƞ) 48 40 35 30 
ī (KN/m3) 25 25 25 25 

 

ȆİįȓȠ ǹȡȤȚțȫȞ ȉȐıİȦȞ 
 

ǹʌȩ ȩȜİȢ ĲȚȢ ʌȠıȩĲȘĲİȢ ʌȠȣ ʌȡȑʌİȚ ȞĮ İțĲȚȝȒıİȚ Ȓ ȞĮ ȝİĲȡȒıİȚ Ƞ ȖİȦĲİȤȞȚțȩȢ ȝȘ-
ȤĮȞȚțȩȢ ʌȠȣ ȝİȜİĲȐ ȑȞĮ ʌȡȩȕȜȘȝĮ ıȤİįȚĮıȝȠȪ țĮȚ İȣıĲȐșİȚĮȢ ȣʌȠȖİȓȠȣ ȑȡȖȠȣ ĲȠ İʌȓ-
ĲȩʌȠȣ ʌİįȓȠ ĲȦȞ ʌȡȠȨʌĮȡȤȠȣıȫȞ ĲȐıİȦȞ İȓȞĮȚ ĲȠ ʌȚȩ įȪıțȠȜȠ. Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ 
ȝʌȠȡİȓ ȞĮ ʌȡȠıİȖȖȚıșİȓ ıİ ĮȞİțĲȩ İʌȓʌİįȠ ĮțȡȓȕİȚĮȢ ȝİ ĲȠ ȖȚȞȩȝİȞȠ ĲȠȣ ȕȐșȠȣȢ țȐĲȦ 
Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ İʌȓ ĲȠ ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȘȢ ȕȡĮȤȩȝĮȗĮȢ. ǹʌȩ ĲȘȞ ȐȜȜȘ ȝİȡȚȐ ıȪȝ-
ĳȦȞĮ ȝİ ĲȘȞ ʌĮȜĮȚȐ ĮȡȤȒ Ș ȠȡȚȗȩȞĲȚĮ ĲȐıȘ İȓȞĮȚ ĮʌȠĲȑȜİıȝĮ ĲȠȣ ʌİȡȚȠȡȚıȝȠȪ ĲȘȢ 
ȕȡĮȤȩȝĮȗĮȢ ȜȩȖȦ ĲȠȣ ĳĮȚȞȠȝȑȞȠȣ Poisson. EĲıȚ Ș țĮĲĮțȩȡȣĳȘ țĮȚ ȠȡȚȗȩȞĲȚĮ İʌȓ 
ĲȩʌȠȣ ĲȐıȘ vV  țĮȚ hV , ĮȞĲȓıĲȠȚȤĮ, įȓȞİĲĮȚ Įʌȩ ĲȚȢ ıȤȑıİȚȢ 

 
H

1

,H

h

v

J
Q�

Q
 V

J V
 (3.2)
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ȩʌȠȣ H İȓȞĮȚ ĲȠ ȪȥȠȢ ĲȠȣ ȣʌİȡțİȚȝȑȞȠȣ ʌİĲȡȫȝĮĲȠȢ, J  İȓȞĮȚ ĲȠ ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȠȣ 
ʌİĲȡȫȝĮĲȠȢ țĮȚ Q  İȓȞĮȚ Ƞ ȜȩȖȠȢ Poisson ĲȠȣ ʌİĲȡȫȝĮĲȠȢ. 

ȉȠ ȈȤ. 3.1 ʌȠȣ ȑȤİȚ ȜȘĳșİȓ Įʌȩ ĲȠȣȢ Hoek & Brown (1980) ʌĮȡȠȣıȚȐȗİȚ ĲȚȢ 
ȝİĲȡȘșİȓıİȢ ĲȚȝȑȢ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ĲȐıȘȢ ıȣȞĮȡĲȒıİȚ ĲȠȣ ȕȐșȠȣȢ ıİ įȚĮĳȠȡİĲȚțȑȢ 
ʌİȡȚȠȤȑȢ ĲȠȣ țȩıȝȠȣ.  Ǿ ȖȡĮȝȝȚțȒ İȟȓıȦıȘ ʌȠȣ ʌȡȠıİȖȖȓȗİȚ țĮȜȪĲİȡĮ ĲȚȢ ȝİĲȡȒıİȚȢ 
İȓȞĮȚ Ș İȟȒȢ 

H027.0v   V  (3.3)
 
ȩʌȠȣ Ș vV  İțĳȡȐȗİĲĮȚ ıİ MPa țĮȚ ĲȠ ȕȐșȠȢ Ǿ ıİ m. ȈȪȝĳȦȞĮ ȝİ ĲȘȞ ʌȡȫĲȘ İț ĲȦȞ 
ıȤȑıİȦȞ (3.2) Ș İȟȓıȦıȘ (3.3) įİȓȤȞİȚ ȩĲȚ ĲȠ ȝȑıȠ ȝȠȞĮįȚĮȓȠ ȕȐȡȠȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ 
ıĲȠ ȠʌȠȓȠ ȑȖȚȞĮȞ ȠȚ ȝİĲȡȒıİȚȢ İȓȞĮȚ ʌİȡȓʌȠȣ 0.027 MN/m3. ǹȣĲȒ Ș ĲȚȝȒ ĲȠȣ ȝȠȞĮįȚĮȓ-
Ƞȣ ȕȐȡȠȣȢ ĮȞĲȚıĲȠȚȤİȓ ıİ ʌȣȡȚĲȚțȐ ʌİĲȡȫȝĮĲĮ ĲĮ ȠʌȠȓĮ ĮʌȠĲİȜȠȪȞ țĮȚ ĲȠ țȪȡȚȠ 
ıȣıĲĮĲȚțȩ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ. 

Ǿ ȝȑıȘ ȠȡȚȗȩȞĲȚĮ ĲȐıȘ hV  ıİ ȠȡȚıȝȑȞȠ ȕȐșȠȢ Ǿ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ İțĳȡȐȗİĲĮȚ 
ıȣȞȒșȦȢ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ȝȑıȘȢ țĮĲĮțȩȡȣĳȘȢ ĲȐıȘȢ vV . ȅ ȜȩȖȠȢ ĲȘȢ ȠȡȚȗȩȞĲȚĮȢ 
ʌȡȠȢ ĲȘȞ țĮĲĮțȩȡȣĳȘ ĲȐıȘ – Ƞ ȠʌȠȓȠȢ ıĲȘȞ İįĮĳȠȝȘȤĮȞȚțȒ ĮȞĮĳȑȡİĲĮȚ țĮȚ ȦȢ ıȣ-
ȞĲİȜİıĲȒȢ «ʌȓİıȘȢ ĲȘȢ ȖȒȢ ıİ ȚıȠȡȡȠʌȓĮ» Ȓ ıȣȞĲİȜİıĲȒȢ «ʌȜİȣȡȚțȒȢ ȫșȘıȘȢ» – 
ȠȡȓȗİĲĮȚ ȦȢ İȟȒȢ 

v
hk

V
V

  (3.4)

 
ȉȠ ȈȤ. 3.2 ʌĮȡȠȣıȚȐȗİȚ ĲȚȢ ĲȚȝȑȢ ĲȠȣ ıȣȞĲİȜİıĲȒ k ıİ ıȣȞȐȡĲȘıȘ ȝİ ĲȠ ȕȐșȠȢ z 

Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ ıĲȘȞ ȝİĲȡȘșİȓıĮ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ĲȠȣ ȈȤ. 3.1. 
ȉȠ įȚȐȖȡĮȝȝĮ ĮȣĲȩ įİȓȤȞİȚ ȩĲȚ ȠȚ İʌȓ ĲȩʌȠȣ ĲȚȝȑȢ ĲȠȣ k ʌİȡȚȠȡȓȗȠȞĲĮȚ Įʌȩ ĲȚȢ įȪȠ țĮ-
ȝʌȪȜİȢ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȠ ȓįȚȠ įȚȐȖȡĮȝȝĮ. Ǿ ȝȚțȡȩĲİȡȘ ĲȚȝȒ ĲȘȢ hV  İȓȞĮȚ v5.0 V|  
İȞȫ Ș ȝİȖĮȜȪĲİȡȘ İȓȞĮȚ v5.3 V| . ǹȞ ȠȚ įȚĮıĲȐıİȚȢ ĲȘȢ įȚĮĲȠȝȒȢ ȝȚĮȢ ıȒȡĮȖȖȠȢ İȓȞĮȚ 
ȝȚțȡȑȢ ıȣȖțȡȚĲȚțȐ ȝİ ĲȠ ȕȐșȠȢ ĲȘȢ ĲȩĲİ ȠȚ İʌȓ ĲȩʌȠȣ ĲȐıİȚȢ ĲȠȣ ȝĮțȡȣȞȠȪ ʌİįȓȠȣ 

hv, VV  ȝʌȠȡȠȪȞ ȞĮ șİȦȡȘșȠȪȞ ȩĲȚ İȓȞĮȚ ıĲĮșİȡȑȢ țĮĲȐ ĲȘȞ ȑȞȞȠȚĮ ĲȘȢ įȚĮĲȠȝȒȢ ĲȘȢ 
ıȒȡĮȖȖȠȢ.  
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ȈȤ. 3.1. ȂİĲȡȘșİȓıİȢ ĲȚȝȑȢ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ĲȐıȘȢ zV  ȦȢ ıȣȞȐȡĲȘıȘ ĲȠȣ ȕȐșȠȣȢ z ıİ 
įȚĮĳȠȡİĲȚțȑȢ ʌİȡȚȠȤȑȢ ĲȘȢ īȒȢ (Hoek and Brown, 1980). 
 

(Hoek & B
1980)

Ko=100/z+0.3

Ko=1500/z+0.5

 
 
ȈȤ. 3.2. ȂİĲȡȘșİȓȢ ȜȩȖȠȢ ȠȡȚȗȩȞĲȚĮȢ ʌȡȠȢ țĮĲĮțȩȡȣĳȘȢ İʌȓ ĲȩʌȠȣ ĲȐıȘȢ ȦȢ ıȣȞȐȡĲȘıȘ ĲȠȣ 
ȕȐșȠȣȢ z ıİ įȚĮĳȠȡİĲȚțȑȢ ʌİȡȚȠȤȑȢ ĲȘȢ īȒȢ (Hoek and Brown, 1980). 
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ȅ Sheorey (1994) ʌȡȩĲİȚȞİ șİȦȡȘĲȚțȩ ȝȠȞĲȑȜȠ ȖȚĮ ĲȘȞ ıȤȑıȘ ĲȠȣ ıȣȞĲİȜİıĲȒ 
ʌȜİȣȡȚțȒȢ ȫșȘıȘȢ ȝİ ĲȠ ȕȐșȠȢ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ. ȉȠ ȝȠȞĲȑȜȠ ĲȘȢ īȘȢ İȓȞĮȚ ıĲĮĲȚțȩ 
țĮȚ șİȡȝȠİȜĮıĲȚțȩ țĮȚ șİȦȡİȓ ĲȘȞ țĮȝʌȣȜȩĲȘĲĮ ĲȠȣ ıĲİȡİȠȪ ĳȜȠȚȠȪ ȝȑıȦ ĲȘȢ șİȦ-
ȡȓĮȢ țİȜȣĳȫȞ țĮȚ ĲȘȞ ȝİĲĮȕȠȜȒ ĲȦȞ İȜĮıĲȚțȫȞ ıĲĮșİȡȫȞ, ĲȘȢ ʌȣțȞȩĲȘĲĮȢ țĮȚ ĲȦȞ 
ıȣȞĲİȜİıĲȫȞ șİȡȝȚțȒȢ įȚȩȖțȦıȘȢ ıĲȠȞ ĳȜȠȚȩ țĮȚ ıĲȠȞ ȝĮȞįȪĮ. ȉȠ ȣʌȩȥȘȞ ʌȡȠıİȖȖȚ-
ıĲȚțȩ ȝȠȞĲȑȜȠ ʌȡȠȕȜȑʌİȚ ĲȘȞ ĮțȩȜȠȣșȘ ıȤȑıȘ ĲȠȣ ıȣȞĲİȜİıĲȒ k  ȝİ ĲȠ ȝȑĲȡȠ İȜĮıĲȚ-
țȩĲȘĲĮȢ Ǽ ĲȠȣ ıĲİȡİȠȪ ĳȜȠȚȠȪ țĮȚ ĲȠ ȕȐșȠȢ Ǿ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ 

¸
¹
·

¨
©
§ �� 

H
1001.0E725.0k  (3.5)

 
ȈĲȠ įȚȐȖȡĮȝȝĮ ĲȠȣ ȈȤ. 3.3 ĳĮȓȞȠȞĲĮȚ ȠȚ țĮȝʌȪȜİȢ ĲȘȢ ȝİĲĮȕȠȜȒȢ ĲȠȣ k ıȣȞĮȡĲȒ-

ıİȚ ĲȠȣ ȕȐșȠȣȢ ȖȚĮ įȚȐĳȠȡİȢ ĲȚȝȑȢ ĲȠȣ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ. ȆĮȡĮįİȓȖȝĮĲȠȢ ȤȐȡȚȞ, 
ȖȚĮ İȪȡȠȢ ĲȚȝȫȞ ĲȠȣ ȝȑĲȡȠȣ ǼȜĮıĲȚțȩĲȘĲĮȢ 5.110E y  GPa, Įʌȩ ĲȠ įȚȐȖȡĮȝȝĮ ĮȣĲȩ 
Ȓ Įʌȩ ĲȘ ʌĮȡĮʌȐȞȦ ıȤȑıȘ (3.5) ȖȚĮ ȕȐșȠȢ H=70 m ȝʌȠȡİȓ ȞĮ ȕȡİșİȓ ȩĲȚ 

3.14.0k y . 
 

 
ȈȤ. 3.3. ȁȩȖȠȢ ĲȘȢ ȠȡȚȗȩȞĲȚĮȢ ʌȡȠȢ ĲȘȞ țĮĲĮțȩȡȣĳȘ ȝȑıȘȢ İʌȓ ĲȩʌȠȣ ĲȐıȘȢ ȦȢ ıȣȞȐȡĲȘıȘ ĲȠȣ 
ȕȐșȠȣȢ z țȐĲȦ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ (Sheorey, 1994). 
 
 

ȂʌȠȡİȓ ȞĮ ʌĮȡĮĲȘȡȘșİȓ ȩĲȚ ȠȚ șİȦȡȘĲȚțȑȢ țĮȝʌȪȜİȢ ĲȠȣ ȈȤ. 3.3 İȓȞĮȚ ʌĮȡȩȝȠȚİȢ 
ȝİ ĲȚȢ ȝİĲȡȘșİȓıİȢ ĲȚȝȑȢ ĲȠȣ k ȠȚ ȠʌȠȓİȢ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲȠ ȈȤ. 3.2, İʌȠȝȑȞȦȢ İȝȝȑ-
ıȦȢ ĲȠ ȝȠȞĲȑȜȠ ĲȠȣ Sheorey ĳĮȓȞİĲĮȚ ȩĲȚ İȓȞĮȚ ȡİĮȜȚıĲȚțȩ – ȤȦȡȓȢ ȕİȕĮȓȦȢ ĮȣĲȩ ȞĮ 
ıȘȝĮȓȞİȚ ȩĲȚ İȓȞĮȚ țĮȚ ıȦıĲȩ. 
ȉȑȜȠȢ ȠȚ ıȤȑıİȚȢ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ ıĲȠȞ ǼȜȜȘȞȚțȩ ȤȫȡȠ ʌȠȣ ʌȡȠȑțȣȥĮȞ Įʌȩ 
ĮȞȐįȡȠȝİȢ ĮȞĮȜȪıİȚȢ ıİȚıȝȠȜȠȖȚțȫȞ ʌĮȡĮĲȘȡȒıİȦȞ ĳĮȓȞȠȞĲĮȚ ıĲȘȞ ǼȚț. 3.2. 
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ǼȚțȩȞĮ 3.2. ȋȐȡĲȘȢ İʌȓ ĲȩʌȠȣ ĲȐıİȦȞ ĲȠȣ ǼȜȜȘȞȚțȠȪ ȤȫȡȠȣ ʌȠȣ ȑȤİȚ ʌȡȠțȪȥİȚ Įʌȩ 
ıİȚıȝȠȜȠȖȚțȑȢ ĮȞĮȜȪıİȚȢ, İʌȓ ĲȩʌȠȣ įȠțȚȝȑȢ ȣįȡĮȣȜȚțȒȢ șȡĮȪıȘȢ ț.Ȝʌ. 

 

AȞĮȜȣĲȚțȑȢ ȁȪıİȚȢ ȈȘȡȐȖȖȦȞ ıİ ǼȜĮıĲȚțȐ īİȦȨȜȚțȐ 
 
2.1 ǺĮıȚțȑȢ ȈȤȑıİȚȢ 
 

ȅȚ ĲȐıİȚȢ țĮȚ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ ıİ ȀĮȡĲİıȚĮȞȩ ıȪıĲȘȝĮ O(x,y) ȝİ ĮʌȠȣıȓĮ țĮșȠȜȚ-
țȫȞ įȣȞȐȝİȦȞ ȝʌȠȡȠȪȞ ȞĮ İțĳȡĮıșȠȪȞ ıȣȞĮȡĲȒıİȚ įȪȠ ȝȚȖĮįȚțȫȞ ĮȞĮȜȣĲȚțȫȞ ıȣ-
ȞĮȡĲȒıİȦȞ9 I \( ), ( )z z  ĲȘȢ ȝȚȖĮįȚțȒȢ ȝİĲĮȕȜȘĲȒȢ z x � iy  ȝİ ĲȚȢ ĮțȩȜȠȣșİȢ ıȤȑ-
ıİȚȢ   
 

 

) °
°
¿

°°
¾

½

\�Ic�NI �

\c�Icc W�V�V

Ic Ic�Ic V�V

)z()z(z)z(iuu(G2

)]z()z(z[2i2

)z(Re4)]z()z([2

yx

xyxy

xy
                                                                 (3.6) 

 
                                                 
9 ȂȚĮ ıȣȞȐȡĲȘıȘ ȝȚȖĮįȚțȒȢ ȝİĲĮȕȜȘĲȒȢ z=x+iy İȓȞĮȚ ĮȞĮȜȣĲȚțȒ ȩĲĮȞ ȝʌȠȡİȓ ȞĮ ĮȞĮʌĲȣȤșİȓ 
ıİ ıİȚȡȐ șİĲȚțȫȞ įȣȞȐȝİȦȞ ĲȘȢ )zz( 0�  ʌȜȘıȓȠȞ țȐșİ ıȘȝİȓȠȣ 000 iyxz �  ĮȣĲȒȢ ĲȘȢ 
ʌİȡȚȠȤȒȢ (Goursat, E. (1927). Cours d’analyse mathematique. Vol. III, 3-me ed., Paris, III, 
114) 
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ȩʌȠȣ Ƞ ĲȩȞȠȢ ȣʌȠįȘȜȫȞİȚ ʌĮȡĮȖȫȖȚıȘ (įȘȜ. c {I Id dz/ ), Ș ȣʌİȡȣȥȦȝȑȞȘ ȝʌȐȡĮ įȘ-
ȜȫȞİȚ ıȣȗȣȖȒ ȝȚȖĮįȚțȒ ʌȠıȩĲȘĲĮ, Ș ʌȠıȩĲȘĲĮN ıȣȝȕȠȜȓȗİȚ ĲȘȞ ıĲĮșİȡȐ ĲȠȣ Muskhe-
lishvili ȝİ N Q �3 4  ȖȚĮ ıȣȞșȒțȘ İʌȚʌȑįȠȣ ʌĮȡĮȝȩȡĳȦıȘȢ țĮȚ N Q Q � �( ) / ( )3 1  
ȖȚĮ ıȣȞșȒțȘ ȖİȞȚțİȣȝȑȞȘȢ İʌȓʌİįȘȢ ĲȐıȘȢ, )1(2/EG Q�  İȓȞĮȚ ĲȠ ȝȑĲȡȠ įȚȐĲȝȘıȘȢ, 
țĮȚE,Q  İȓȞĮȚ ĲȠ ȝȑĲȡȠ ĲȠȣ Young țĮȚ Ƞ ȜȩȖȠȢ Poisson, ĮȞĲȓıĲȠȚȤĮ, țĮȚ Re( )�  ıȣȝȕȠ-
ȜȓȗİȚ ĲȠ ʌȡĮȖȝĮĲȚțȩ ȝȑȡȠȢ ĲȘȢ ʌȠıȩĲȘĲĮȢ ʌȠȣ ʌİȡȚțȜİȓİȚ. MĮȗȓ ȝİ ĲȚȢ ıȣȞĮȡĲȒıİȚȢ 
I \,  ȝʌȠȡȠȪȞ ȞĮ ȠȡȚıșȠȪȞ ȦȢ İȟȒȢ țĮȚ ȠȚ ʌȡȫĲİȢ ʌĮȡȐȖȦȖȠȚ ĲȦȞ ȦȢ ʌȡȠȢ z ʌȠȣ 
ıȣȝȕȠȜȓȗȠȞĲĮȚ ȝİ) <,  

)z(=)z(  ),z()z( \c<Ic )  (3.7)
 

ǼʌȓıȘȢ İȚıȐȖȠȣȝİ ĲȚȢ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ � �O r,T  (ȈȤ. 3.4) ȝİ ĲȘ ıȤȑıȘ  

z x iy rei �  T  (3.8)

 
Ȉİ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ ȠȚ ĲȐıİȚȢ țĮȚ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ ȝʌȠȡȠȪȞ ȞĮ ȖȡĮĳȠȪȞ ȝİ 

ĲȚȢ țȐĲȦșȚ ıȤȑıİȚȢ 
 

> @

 

) °
°
°

¿

°°
°

¾

½

\�Ic�NI �

<�)c�)�) W�V

\c�Icc W�V�V

Ic Ic�Ic V�V

T�
T

T
T

T
TT

T

)z()z(z)z(eiuu(G2

)]z()z(z[e)z()z(i

)],z()z(z[e2i2

),z(Re4)]z()z([2

i
r

i2
rr

i2
rr

r

                                                    (3.9) 

 
ȩʌȠȣ  TT WVV rr ,, ȠȚ ıȣȞȚıĲȫıİȢ ĲȠȣ ĲĮȞȣıĲȒ ĲȐıȘȢ ıİ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ (ȈȤ. 
3.5) țĮȚ  Tu,ur ȠȚ ıȣȞȚıĲȫıİȢ ĲȠȣ įȚĮȞȪıȝĮĲȠȢ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ țĮĲȐ ĲȘȞ ĮțĲȚȞȚțȒ 
țĮȚ ĲȘȞ İĳĮʌĲȠȝİȞȚțȒ įȚİȪșȣȞıȘ, ĮȞĲȓıĲȠȚȤĮ. 
 

 
ȈȤ. 3.4 
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ȉȐıİȚȢ țĮȚ ȂİĲĮĲȠʌȓıİȚȢ ȜȩȖȦ ĲȠȣ İʌȓ ĲȩʌȠȣ īİȦıĲĮĲȚțȠȪ ȆİįȓȠȣ ȉȐıİȦȞ 
 

ǹȢ șİȦȡȒıȠȣȝİ ȣʌȩȖİȚĮ İțıțĮĳȒ ıİ ȕȐșȠȢ H Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ İįȐĳȠȣȢ (ȈȤ. 
3.5). Ȉİ ĮȞĲȓșİıȘ ȝİ ĲȘȞ ȝİșȠįȠȜȠȖȓĮ İʌȓȜȣıȘȢ ʌȡȠȕȜȘȝȐĲȦȞ ıĲȘȞ ȂȘȤĮȞȚțȒ ĲȦȞ 
ȈĲİȡİȫȞ ȈȦȝȐĲȦȞ, țĮĲȐ ĲȘȞ īİȦȝȘȤĮȞȚțȒ ʌȡȠıȑȖȖȚıȘ Ș İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȒ 
ĮȞȐȜȣıȘ ĲȦȞ ȣʌȠȖİȓȦȞ İțıțĮĳȫȞ ʌȡȑʌİȚ ȞĮ ȜȐȕİȚ ȣʌȩȥȘȞ ĲȠ ʌȡȠȨʌȐȡȤȠȞ ȜȚșȠıĲĮĲȚ-
țȩ İȞĲĮĲȚțȩ ʌİįȓȠ ıĲȠ ȕȐșȠȢ Ǿ ȩʌȠȣ ʌȡȠȕȜȑʌİĲĮȚ Ș ȩȡȣȟȘ ĲȘȢ İțıțĮĳȒȢ. 

 
ȈȤ. 3.5 

 
 
ȅȚ ȜȪıİȚȢ ĲȦȞ ȝȚȖĮįȚțȫȞ įȣȞĮȝȚțȫȞ ȖȚĮ ȠȝȠȚȩȝȠȡĳȠ İȞĲĮĲȚțȩ ʌİįȓȠ ıİ ȐȡȡȘțĲȠ 

ȖİȦȨȜȚțȩ ȑȤȠȣȞ ȦȢ İȟȒȢ 
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 (3.10)

 
ȩʌȠȣ hV țĮȚ Hv J V  İȓȞĮȚ ȠȚ țȪȡȚİȢ ĲȐıİȚȢ ıĲȠ ȐʌİȚȡȠ. ǹʌȩ ĲȚȢ ıȤȑıİȚȢ (3.8) ȠȚ ĲȐ-
ıİȚȢ țĮȚ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ ıİ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ Įʌȩ ĲȚȢ 
ıȤȑıİȚȢ 
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 (3.11Į)

țĮȚ 
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i
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ǹȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȚȢ ĲȚȝȑȢ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ĭ țĮȚ Ȍ ȩʌȦȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ ıȤȑ-
ıİȚȢ (3.10) ȕȡȓıțȠȣȝİ Įʌȩ ĲȚȢ (3.11Į) ĲȚȢ ʌĮȡĮțȐĲȦ ĲȐıİȚȢ ʌȡȠțĮȜȠȪȞĲĮȚ Įʌȩ Ĳo İʌȓ 
ĲȩʌȠȣ ȜȚșȠıĲĮĲȚțȩ İȞĲĮĲȚțȩ ʌİįȓȠ  

� �> @

� �> @

� �
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T  (3.12)

 
ȅȚ ȝİĲĮĲȠʌȓıİȚȢ ıİ ıȣȞșȒțİȢ İʌȚʌȑįȠȣ ʌĮȡĮȝȩȡĳȦıȘȢ ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ ȦȢ 

İȟȒȢ 

� �� � � �

� �
 

2sinrk1
2
1Gu2

2cosrk1
2
1r1k1Gu2

v

vvr
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°°
¾

½
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 (3.13)

 
 
ȆİȡȓʌĲȦıȘ 1Ș: ȀȣțȜȚțȒ ıȒȡĮȖȖĮ ıİ ǻȚĮȟȠȞȚțȒ īİȦıĲĮĲȚțȒ ĭȩȡĲȚıȘ ıĲȠ ǱʌİȚȡȠ 
 

Ǿ ʌİȡȓʌĲȦıȘ ĲȘȢ țȣțȜȚțȒȢ ıȒȡĮȖȖȠȢ ʌȠȣ įȚĮȞȠȓȖİĲĮȚ ȝİ ȝȘȤĮȞȒȝĮĲĮ İȟȩȡȣȟȘȢ 
ȠȜȠȝİĲȫʌȠȣ țȠʌȒȢ (full-facers) ȝʌȠȡİȓ ȞĮ ĮʌȠĲİȜİȓ țĮȜȒ ʌȡȠıȑȖȖȚıȘ ȖȚĮ ĲȘȞ ʌİȡȓ-
ʌĲȦıȘ ıȘȡȐȖȖȦȞ ȝİ ʌĮȡĮȕȠȜȚțȒ ȠȡȠĳȒ țĮȚ įȐʌİįȠ Ȓ ĲİĲȡĮȖȦȞȚțȠȪȢ șĮȜȐȝȠȣȢ (ȈȤ. 
3.6). 

 
ȈȤ. 3.6. ȆȡȠıȑȖȖȚıȘ (Į) ıȘȡȐȖȖȦȞ țĮȚ (ȕ) ĲİĲȡĮȖȦȞȚțȫȞ șĮȜȐȝȦȞ Ȓ ıĲȠȫȞ ȝİ țȣțȜȚțȐ 
ĮȞȠȓȖȝĮĲĮ. 
 
 

Ǿ ȜȪıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ĲȘȢ țȣțȜȚțȒȢ ıȒȡĮȖȖȠȢ ȝİ ĲȘ ȝȠȡĳȒ ĲȦȞ ȝȚȖĮįȚțȫȞ 
įȣȞĮȝȚțȫȞ İȓȞĮȚ Ș ĮțȩȜȠȣșȘ 
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ȅȚ ĲȐıİȚȢ ıİ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ Įʌȩ ĲȚȢ ıȤȑıİȚȢ (3.11) ȦȢ 
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(a) 
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(ȕ) 

 
ȈȤ. 3.7 
 
 

ȅȚ ȝİĲĮĲȠʌȓıİȚȢ ıİ ıȣȞșȒțİȢ İʌȚʌȑįȠȣ ʌĮȡĮȝȩȡĳȦıȘȢ ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ Įʌȩ 
ĲȚȢ (3.11ȕ) țĮȚ (3.14) (ĮĳȠȪ ʌȡȚȞ ȠȜȠțȜȘȡȫıȠȣȝİ ȖȚĮ ȞĮ ȕȡȠȪȝİ ĲȚȢ ȝȚȖĮįȚțȑȢ ıȣȞĮȡ-
ĲȒıİȚȢ ĳ țĮȚ ȥ) ȦȢ İȟȒȢ 
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 (3.16)

 
OȚ ȝİĲĮĲȠʌȓıİȚȢ ʌȠȣ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ (3.16) ʌȡȑʌİȚ ȞĮ įȚȠȡșȦșȠȪȞ ȑĲıȚ ȫıĲİ ȞĮ 

ȜȘĳșİȓ ȣʌȩȥȘȞ Ș ʌȡȠĳȩȡĲȚıȘ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ ʌȡȚȞ ĲȘȞ İȟȩȡȣȟȘ ĲȘȢ (ȈȤ. 3.8). 
ȆȡȚȞ ĲȘȞ įȚȐȞȠȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ ȠȚ ĲȐıİȚ țĮȚ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ ıȤȑıİȚȢ 
(3.15) țĮȚ (3.16). ȅĲĮȞ įȚĮȞȠȚȤșİȓ Ș ıȒȡĮȖȖĮ ȠȚ ĮțĲȚȞȚțȑȢ țĮȚ įȚĮĲȝȘĲȚțȑȢ ĲȐıİȚȢ ıĲȘȞ 
ʌİȡȚĳȑȡİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ İțĲȠȞȫȞȠȞĲĮȚ ıĲĮįȚĮțȐ. ǹȣĲȒ Ș ıĲĮįȚĮțȒ İțĲȩȞȦıȘ ĲȦȞ 
ĲȐıİȦȞ Ș ȠʌȠȓĮ ĮʌȠıȕȑȞȞȣĲĮȚ ȖȡȒȖȠȡĮ ȝĮțȡȣȐ Įʌȩ ĲȘ ıȒȡĮȖȖĮ İȓȞĮȚ ʌȠȣ įȘȝȚȠȣȡȖİȓ 
ĲȚȢ ȝțİĲĮĲȠʌȓıİȚȢ. ȅȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ı’ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ 
ıȤȑıİȚȢ 
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ȀĮĲĮȣĲȩȞ ĲȠȞ ĲȡȩʌȠ ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ ȠȚ įȚȠȡșȦȝȑȞİȢ ȝİĲĮĲȠʌȓıİȚȢ ĲȘȢ țȣțȜȚ-

țȒȢ ıȒȡĮȖȖȠȢ ıİ ʌȡȠĳȠȡĲȚıȝȑȞȘ İįĮĳȠȕȡĮȤȩȝĮȗĮ ȦȢ İȟȒȢ 
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 (3.17ȕ)

 
ȅȚ ĲȐıİȚȢ ʌĮȡĮȝȑȞȠȣȞ ȓįȚİȢ ȩʌȦȢ ıĲȘȞ ʌİȡȓʌĲȦıȘ ĲȘȢ ıȒȡĮȖȖĮȢ ıİ ȝȘ-

ʌȡȠĳȠȡĲȚıȝȑȞȘ İįĮĳȠȕȡĮȤȩȝĮȗĮ țĮȚ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ ıȤȑıİȚȢ (3.15) 
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ȈȤ. 3.8 
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ȈĲȘȞ ʌİȡȓʌĲȦıȘ ȚıȩĲȡȠʌȠȣ ȖİȦıĲĮĲȚțȠȪ ʌİįȓȠȣ ĲȐıİȦȞ k=1 ȠȚ ĲȐıİȚȢ ȑȤȠȣȞ ĲȘȞ 
ȝȠȡĳȒ 

 0,
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r
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2
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¸
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©

§
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ȅȚ ȝİĲĮĲȠʌȓıİȚȢ İʌȓıȘȢ ȝʌȠȡȠȪȞ ȞĮ İțĳȡĮıșȠȪȞ ȦȢ İȟȒȢ 

 0u,
r

RuG2
2

r  'V ' Tf  (3.18ȕ)

 
 
ȆİȡȓʌĲȦıȘ 2Ș: ȀȣțȜȚțȒ ȈȒȡĮȖȖĮ ȊʌȠȕĮȜȜȩȝİȞȘ ıİ ǼıȦĲİȡȚțȒ ȅȝȠȚȩȝȠȡĳȘ ȆȓİıȘ  
 

Ȉ’ ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ ĲĮ ȝȚȖĮįȚțȐ įȣȞĮȝȚțȐ ȑȤȠȣȞ ĲȘȞ ȝȠȡĳȒ 

 
z

PR)z(,0)z( 2

2
 < )  (3.19)

 
ȅȚ ĲȐıİȚȢ ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ ȦȢ İȟȒȢ 

 0,
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PR,
r
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2

2

2
r  W V� V TT  (3.20)

 
ȅȜȠțȜȘȡȫȞȠȞĲĮȢ ĲĮ ȝȚȖĮįȚțȐ įȣȞĮȝȚțȐ ȜĮȝȕȐȞȠȣȝİ 

 
z

PR)z(,0)z(
2

� \ I  (3.21)

 
ȅȚ ȝİĲĮĲȠʌȓıİȚȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ ĮțȩȜȠȣșİȢ ıȤȑıİȚȢ 

 0u,
Gr2

PRu 2

2
r   T  (3.22)

 
 
ȆİȡȓʌĲȦıȘ 3Ș: ȀȣțȜȚțȒ ıȒȡĮȖȖĮ ȣʌȠȕĮȜȜȩȝİȞȘ ıİ ȚıȩĲȡȠʌȘ ĳȩȡĲȚıȘ ıĲȠ ȐʌİȚȡȠ țĮȚ 

İıȦĲİȡȚțȒ ʌȓİıȘ 
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ȂİĲȡȒıİȚȢ ĲȦȞ ȈȣȖțȜȓıİȦȞ ıİ ȈȒȡĮȖȖİȢ 
 

Ǿ İȞȩȡȖĮȞȘ ʌĮȡĮțȠȜȠȪșȘıȘ ıȘȡȐȖȖȦȞ, șĮȜȐȝȦȞ ț.Ȝʌ. țĮĲȐ ĲȘȞ țĮĲĮıțİȣȒ ĲȦȞ 
ȑȤİȚ ĮʌȠįİȚȤșİȓ ȩĲȚ İȓȞĮȚ ĮȞĮȖțĮȓĮ ȖȚĮ ĲȘȞ İʌȚȜȠȖȒ ĲȦȞ țĮĲĮȜȜȘȜȩĲİȡȦȞ ȝȑĲȡȦȞ ȣʌȠ-
ıĲȒȡȚȟȘȢ ȝİ ıțȠʌȩ ĲȘȞ İȣıĲȐșİȚĮ ĮȣĲȫȞ țȣȡȓȦȢ ʌȜȘıȓȠȞ ĲȠȣ ȝİĲȫʌȠȣ țĮȚ ıȣȞİʌȫȢ 
ĲȘȞ ĮıĳȐȜİȚĮ țĮȚ ĲȘȞ ȠȚțȠȞȠȝȚțȩĲȘĲĮ ĲȠȣ ȣʌȩȥȘȞ ȑȡȖȠȣ. ȉȠ ʌȡȩȕȜȘȝĮ ĲȠȣ ıȤİįȚĮ-
ıȝȠȪ ȣʌȠȖİȓȦȞ İțıțĮĳȫȞ İȓȞĮȚ țĮĲ’ȠȣıȓĮȞ ĲİĲȡĮıįȚȐıĲĮĲȠ (țȣȡȓȦȢ ʌȜȘıȓȠȞ ĲȠȣ ȝİ-
ĲȫʌȠȣ) İĳȩıȠȞ ıȣȞȓıĲĮĲĮȚ ıĲȘȞ ȤȡȠȞȚțȒ İȟȐȡĲȘıȘ ĲȘȢ ĳșȠȡȐȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ȖȪȡȦ 
Įʌ’ĲȠ ȝȑĲȦʌȠ İȟĮȚĲȓĮȢ ĲȘȢ İțĲȩȞȦıȘȢ ĲȦȞ ĲȐıİȦȞ. Ǿ ʌȚȩ İȪțȠȜȘ İʌȓ ĲȩʌȠȣ ȝȑĲȡȘıȘ 
İȓȞĮȚ ĮȣĲȒ ĲȘȢ ıȪȖțȜȚıȘȢ ĲȦȞ ĲȠȚȤȦȝȐĲȦȞ ȝȚĮȢ İțıțĮĳȒȢ. ȈțȠʌȩȢ ĮȣĲȒȢ ĲȘȢ ȝȑĲȡȘ-
ıȘȢ İȓȞĮȚ Ƞ ʌȡȠıįȚȠȡȚıȝȩȢ ĲȘȢ ȝİĲĮȕȠȜȒȢ ĲȘȢ ĮʌȩıĲĮıȘȢ ĮȞĲȚįȚĮȝİĲȡȚțȫȞ ıȘȝİȓȦȞ 
ȝȚĮȢ İțıțĮĳȒȢ (ȈȤ. 3.9).  

)t(DD)t(C 0 �  (3.25)
 
ȩʌȠȣ C(t) İȓȞĮȚ Ș ıȪȖțȜȚıȘ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖȝȒ t ȝİĲĮȟȪ įȪȠ ĮȞĲȚįȚĮȝİĲȡȚțȫȞ ıȘȝİȓȦȞ 
– Ȝ.Ȥ. (1,2) – D0 İȓȞĮȚ Ș ĮȡȤȚțȒ ȝȑĲȡȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ ĲȦȞ ȓįȚȦȞ ıȘȝİȓȦȞ țĮȚ D(t) 
İȓȞĮȚ Ș ȝȑĲȡȘıȘ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖȝȒ t ĲȘȢ ĮʌȩıĲĮıȘȢ ĲȦȞ įȪȠ ıȘȝİȓȦȞ. ȀĮĲȐ ĲȘ 
ȝȑĲȡȘıȘ ĲȦȞ ıȣȖțȜȓıİȦȞ ĮȣĲȑȢ șİȦȡȠȪȞĲĮȚ șİĲȚțȑȢ ȩĲĮȞ ĲĮ ĮȞĲȚįȚĮȝİĲȡȚțȐ ıȘȝİȓĮ 
ʌȜȘıȚȐȗȠȣȞ ĲȠ ȑȞĮ ʌȡȠȢ ĲȠ ȐȜȜȠ țĮȚ ĮȡȞȘĲȚțȑȢ ȩĲĮȞ ĮʌȠȝĮțȡȪȞȠȞĲĮȚ. ȉĮ ʌȜİȩȞ ıȣ-
ȞȘșȚıȝȑȞĮ ȩȡȖĮȞĮ ȝȑĲȡȘıȘȢ ĲȦȞ ıȣȖțȜȓıİȦȞ ĮʌȠĲİȜȠȪȞĲĮȚ Įʌȩ ȝİĲȡȠĲĮȚȞȓĮ, įȣȞĮ-
ȝȩȝİĲȡȠ ȫıĲİ ȞĮ İȓȞĮȚ ĲĮȞȣıȝȑȞȘ Ș ȝİĲȡȠĲĮȚȞȓĮ ıİ ıĲĮșİȡȒ ĲȚȝȒ țĮȚ İțĲĮıȚȩȝİĲȡȠ 
ĲȪʌȠȣ ȦȡȠȜȠȖȓȠȣ. ȆȠȚȩ ʌȡȠȘȖȝȑȞİȢ ĲİȤȞȚțȑȢ ȝȑĲȡȘıȘȢ ʌİȡȚȜĮȝȕȐȞȠȣȞ ȝȑĲȡȘıȘ ĲȦȞ 
ıȣȖțȜȓıİȦȞ ȝİ ĮțĲȓȞİȢ laser. ȅȚ ȝİĲĮȕȠȜȑȢ ĲȦȞ ıȣȖțȜȓıİȦȞ (ȠȚ ĮʌȩȜȣĲİȢ ĲȚȝȑȢ įİȞ 
ȝĮȢ İȞįȚĮĳȑȡȠȣȞ) ȝʌȠȡȠȪȞ ȞĮ ȝİĲȡȘșȠȪȞ țĮĲȐ ĲȘȞ įȚȐȡțİȚĮ ȝİȖȐȜȦȞ ȤȡȠȞȚțȫȞ 
ʌİȡȚȩįȦȞ ȝİ ĮțȡȓȕİȚĮ 10-5, įȘȜ. 0.1mm ıİ ĮʌȩıĲĮıȘ 10m.  

 
ȈȤ. 3.9. ĬȑıİȚȢ ȝİĲȡȒıİȦȞ ĲȦȞ ıȣȖțȜȓıİȦȞ (ȝİ ȝİĲȡȠĲĮȚȞȓĮ Ȓ laser) ĮȞĲȚįȚĮȝİĲȡȚțȫȞ ıȘȝİȓȦȞ 
ȝȚĮȢ ıȒȡĮȖȖĮȢ ȘȝȚ-țȣțȜȚțȒȢ įȚĮĲȠȝȒȢ.  
 
 

H ıȪȖțȜȚıȘ ȝȚĮȢ ıȒȡĮȖȖĮȢ ȝʌȠȡİȓ ȞĮ ȠĳİȓȜİĲĮȚ ıİ įȪȠ ĮȚĲȓİȢ: 
 

x ȈĲȘȞ ʌȡȠȤȫȡȘıȘ ĲȠȣ ȝİĲȫʌȠȣ 
x ȈĲȘȞ ȤȡȠȞȚțȐ İȟȘȡĲȘȝȑȞȘ ȝȘȤĮȞȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ 
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īȚĮ ĲȘȞ ʌȜȒȡȘ ĮȞȐȜȣıȘ ĲȦȞ ıȣȖțȜȓıİȦȞ ȝȚĮȢ ıȒȡĮȖȖĮȢ ıĲȘȞ ĮʌȜȒ ʌİȡȓʌĲȦıȘ ĲȘȢ 
ȠȜȠȝİĲȫʌȠȣ İțıțĮĳȒȢ ĮȣĲȒȢ İȓȞĮȚ ȤȡȒıȚȝȠ ȞĮ țĮĲĮıțİȣĮıșȠȪȞ ĲĮ ĮțȩȜȠȣșĮ įȚĮ-
ȖȡȐȝȝĮĲĮ (ȕȜ. ȈȤ. 3.10): (Į) ĲȘȞ ĮʌȩıĲĮıȘ x ĲȠȣ ȝİĲȫʌȠȣ Įʌȩ ĲȠ ıĲĮșȝȩ ȝȑĲȡȘıȘȢ 
ıȣȞĮȡĲȒıİȚ ĲȠȣ ȤȡȩȞȠȣ t, (ȕ) ĲȘȞ ıȪȖțȜȚıȘ C ıȣȞĮȡĲȒıİȚ ĲȠȣ ȤȡȩȞȠȣ t, țĮȚ (Ȗ) ĲȘȞ 
ıȪȖțȜȚıȘ C ıȣȞĮȡĲȒıİȚ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ x.  

 

 
(Į) 

 
(ȕ) 

 
(Ȗ) 

 
ȈȤ. 3.10. ǻȚĮȖȡȐȝȝĮĲĮ ȖȚĮ ĲȘȞ ʌȜȒȡȘ ĮȞȐȜȣıȘ ĲȦȞ ıȣȖțȜȓıİȦȞ ȝȚĮȢ ıȒȡĮȖȖĮȢ: (Į) ĮʌȩıĲĮıȘ 
ĲȠȣ ıĲĮșȝȠȪ ȝȑĲȡȘıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ ıȣȞĮȡĲȒıİȚ ĲȠȣ ȤȡȩȞȠȣ t, (ȕ) ĲȘȢ ıȪȖțȜȚıȘȢ ıȣȞĮȡĲȒıİȚ 
ĲȠȣ ȤȡȩȞȠȣ, (Ȗ) ĲȘȢ ıȪȖțȜȚıȘȢ ıȣȞĮȡĲȒıİȚ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ   (Panet, 1997). 
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EʌİȚįȒ Ș ȝİĲĮȕȠȜȒ ĲȘȢ C ȝİ ĲȘȞ ĮʌȩıĲĮıȘ x Įʌȩ ĲȠ ȝȑĲȦʌȠ (Ȝ.Ȥ. Ȉ. 3.11Ȗ) ȑȤİȚ 
ȝİȖȐȜȘ țȜȓıȘ ȖȚĮ ȝȚțȡȑȢ ĲȚȝȑȢ ĲȠȣ x ȠȚ ıĲĮșȝȠȓ ȝȑĲȡȘıȘȢ ʌȡȑʌİȚ ȞĮ ĲȠʌȠșİĲȠȪȞĲĮȚ 
ȩıȠ ĲȠ įȣȞĮĲȩ ʌȜȘıȚȑıĲİȡĮ ıĲȠ ȝȑĲȦʌȠ.   

Ǿ ıȪȖțȜȚıȘ ȝʌȠȡİȓ ȞĮ İțĳȡĮıșİȓ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ ȝİ 
İȝʌİȚȡȚțȑȢ ıȤȑıİȚȢ, ȠȚ ȠʌȠȓİȢ ȑȤȠȣȞ ʌȡȠțȪȥİȚ Įʌȩ ĲȡȚıįȚȐıĲĮĲİȢ ĮȞĮȜȪıİȚȢ țĮȚ İʌȓ 
ĲȩʌȠȣ ȝİĲȡȒıİȚȢ , ȩʌȦȢ ĮȣĲȑȢ ʌȠȣ ʌȡȠĲİȓȞȠȣȞ ȠȚ M. Panet and A. Guenot (1982) țĮȚ 
Ƞ Chern et al (1998). Ǿ İțĲȓȝȘıȘ ĲȘȢ ȝȑȖȚıĲȘȢ ıȪȖțȜȚıȘȢ ȝȚĮȢ ıȒȡĮȖȖĮȢ ȝʌȠȡİȓ ȞĮ 
ȕȡİșİȓ Įʌȩ ĲȘȞ țĮȜȪĲİȡȘ ʌȡȠıĮȡȝȠȖȒ ĲȦȞ İʌȓ ĲȩʌȠȣ ȝİĲȡȒıİȦȞ ıĲȘȞ ĮțȩȜȠȣșȘ 
İțșİĲȚțȒ ıȤȑıȘ (Panet and Guenot, 1982) 

»
»
»

¼

º

«
«
«

¬

ª
� 

�
f R

x

x e1CC(x)  (3.26)

 
ȩʌȠȣ C(x) İȓȞĮȚ Ș ıȪȖțȜȚıȘ ıİ ĮʌȩıĲĮıȘ x Įʌȩ ĲȠ ȝȑĲȦʌȠ ĲȘȢ ıȒȡĮȖȖĮȢ, xCf  İȓȞĮȚ Ș 
ıȪȖțȜȚıȘ ĲȦȞ ĲȠȚȤȫȝȐĲȦȞ ȝĮțȡȣȐ Įʌȩ ĲȠ ȝȑĲȦʌȠ țĮȚ R İȓȞĮȚ Ș ĮțĲȓȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ. 
ǼĳȩıȠȞ țĮĲȐ ĲȘȞ ȤȡȠȞȚțȒ ıĲȚȖȝȒ 0t  , Ș ĮʌȩıĲĮıȘ Įʌȩ ĲȘȞ įȚĮĲȠȝȒ ȝȑĲȡȘıȘȢ ȝȑȤȡȚ 
ĲȠ ȝȑĲȦʌȠ İȓȞĮȚ 0x , ĲȩĲİ Ș ıȪȖțȜȚıȘ ʌȠȣ ʌȡĮȖȝĮĲȚțȐ ȝİĲȡȐĲĮȚ � �0xC-C(x) . ǹȣĲȩ 
ĲȠ ȖİȖȠȞȩȢ ʌȡȑʌİȚ ȞĮ ȜȘĳșİȓ ȣʌȩȥȘȞ ȖȚĮ ĲȘȞ İțĲȓȝȘıȘ ĲȘȢ xCf . ȉȑĲȠȚȠȣ ĲȪʌȠȣ 
įȚȩȡșȦıȘ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 3.11. 

 

 
 
ȈȤ. 3.11. ȂİĲȡȘșİȓıĮ ȠȡȚȗȩȞĲȚĮ ıȪȖțȜȚıȘ ıĲȠ ıĲĮșȝȩ 10,150 km ĲȘȢ ıȒȡĮȖȖȠȢ ĲȦȞ ȉİȝʌȫȞ țĮȚ 
įȚȩȡșȦıȘ ĮȣĲȒȢ ʌȠȣ ȜĮȝȕȐȞİȚ ȣʌȩȥȘȞ ĲȘȞ țĮșȣıĲȑȡȘıȘ ĲȠʌȠșȑĲȘıȘȢ ĲȠȣ ıȣȖțȜȚıȚȠȝȑĲȡȠȣ.  
 
 

ȅȚ Chern et al. (1998) ʌȡȩĲİȚȞĮȞ ĲȘȞ ĮțȩȜȠȣșȘ İȝʌİȚȡȚțȒ ıȤȑıȘ ȕȐıİȚ ĲȡȚıįȚȐ-
ıĲĮĲȦȞ ĮȡȚșȝȘĲȚțȫȞ ĮȞĮȜȪıİȦȞ țĮȚ ȝİĲȡȒıİȦȞ ĲȦȞ ıȣȖțȜȓıİȦȞ ıİ ʌĮȡȐȜȜȘȜȘ 
ıȒȡĮȖȖĮ ȝİ ĲȠ ȝȑĲȦʌȠ țĮĲȐ ĲȘȞ ʌȡȠȤȫȡȘıȘ ĮȣĲȠȪ (ȈȤ. 3.12)  
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� �> @ 7.11.1)R/x(M
r

r

e1

1

u

u
��

  O  (3.27)

 
ȩʌȠȣ x İȓȞĮȚ Ș ĮʌȩıĲĮıȘ Įʌȩ ĲȠ ȝȑĲȦʌȠ țĮȚ R İȓȞĮȚ Ș ĮțĲȓȞĮ țĮȝʌȣȜȩĲȘĲĮȢ ĲȘȢ ıȒ-
ȡĮȖȖȠȢ ıĲȘ șȑıȘ ȝȑĲȡȘıȘȢ. ȅ ıȣȞĲİȜİıĲȒȢ Ȝ țȣȝĮȓȞİĲĮȚ Įʌȩ 0 ȑȦȢ 1. ȂʌȠȡİȓ ȞĮ 
ʌĮȡĮĲȘȡȘșİȓ Įʌȩ ĲȠ ʌĮȡĮțȐĲȦ ıȤȒȝĮ ȩĲȚ ȖȚĮ x=0 ȑȤȠȣȝİ Ȝ=0.28. 
 

 
 

ȈȤ. 3.12. ȈȪȖțȜȚıȘ ĲȘȢ ıȒȡĮȖȖĮȢ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ, ȝİ ȕȐıȘ 
ĲȡȚıįȚȐıĲĮĲȘ ʌȡȠıȠȝȠȓȦıȘ ĲȘȢ İțıțĮĳȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ țĮȚ İʌȓ ĲȩʌȠȣ ȝİĲȡȒıİȚȢ (Chern et al, 
1998). 
 

ǹȞȐȜȣıȘ ǹȜȜȘȜİʌȓįȡĮıȘȢ ǺȡĮȤȠȝȐȗĮȢ țĮȚ ȊʌȠıĲȪȜȦıȘȢ 
 

ȅ ȕȑȜĲȚıĲȠȢ ıȤİįȚĮıȝȩȢ İȞȩȢ ıȣıĲȒȝĮĲȠȢ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȪȜȦıȘȢ İȟĮȡĲȐĲĮȚ 
ȩȤȚ ȝȩȞȠ Įʌȩ ĲĮ ʌȡȠĲİȚȞȩȝİȞĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ ĮȜȜȐ țĮȚ Įʌȩ ĲȠ ȤȡȩȞȠ İĳĮȡȝȠȖȒȢ 
ĲȠȣȢ. ǼȞĮȢ ıȘȝĮȞĲȚțȩȢ ʌĮȡȐȖȠȞĲĮȢ  ıĲȠȞ ıȤİįȚĮıȝȩ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ İȓȞĮȚ Ș ȝİĲĮȕȠ-
ȜȒ ĲȠȣ ĳȠȡĲȓȠȣ ĲȘȢ ıȒȡĮȖȖĮȢ (ȤĮȜȐȡȦıȘ) ʌȠȣ ȜĮȝȕȐȞİȚ ȤȫȡĮ ʌȡȚȞ ĲȘȞ ȣʌȠıĲȒȡȚȟȘ 
țĮĲĮ ĲȘȞ ʌȡȠȤȫȡȘıȘ ĮȣĲȒȢ Ș ȠʌȠȓĮ ıȣȞȠįİȪİĲĮȚ Įʌȩ ĮȞȐȜȠȖİȢ ʌĮȡĮȝȠȡĳȫıİȚȢ ĲȘȢ 
ȕȡĮȤȠȝȐȗĮȢ țĮȚ Ș ȠʌȠȓĮ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȘȞ ĮʌȩıĲĮıȘ ʌȓıȦ Įʌȩ ĲȠ ȝȑĲȦʌȠ ıĲȘȞ 
ȠʌȠȓĮ ĲȠʌȠșİĲİȓĲĮȚ Ș ȣʌȠıĲȒȡȚȟȘ (ȈȤ. 3.8).  
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ǼʌȚĲȡȑʌȠȞĲĮȢ ȑĲıȚ țȐʌȠȚȠ İȜİȖȤȩȝİȞȠ ʌȠıȠıĲȩ ʌĮȡĮȝȠȡĳȫıİȦȞ ĲȘȢ ıȒȡĮȖȖĮȢ, ĲȠ 
ıȪıĲȘȝĮ ȣʌȠıĲȪȜȦıȘȢ șĮ ʌĮȡĮȜȐȕİȚ ʌȚȑıİȚȢ ıȘȝĮȞĲȚțȐ ȤĮȝȘȜȩĲİȡİȢ İțİȓȞȦȞ ʌȠȣ 
ĮȞĮʌĲȪııȠȞĲĮȚ ĮȝȑıȦȢ ȝİĲȐ ĲȘȞ İțıțĮĳȒ. ǹʌȩ ĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ Ș ĮȞȠȤȒ ȝİȖȐȜȦȞ 
ʌĮȡĮȝȠȡĳȫıİȦȞ İʌȚĳȑȡİȚ ȝİȓȦıȘ ĲȦȞ ȝȘȤĮȞȚțȫȞ ȤĮȡĮțĲȘȡȚıĲȚțȫȞ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ 
țĮȚ İȓȞĮȚ ʌȚșĮȞȩȞ ȞĮ įȘȝȚȠȣȡȖȒıİȚ ȝĮțȡȠȤȡȩȞȚĮ įȣıȝİȞİȓȢ ıȣȞșȒțİȢ ĳȠȡĲȓıİȦȞ.  

ǼʌȠȝȑȞȦȢ, Ƞ țȪȡȚȠȢ ıĲȩȤȠȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĮȡȤȚțȒȢ (ʌȡȠıȦȡȚȞȒȢ) ȣʌȠıĲȪȜȦıȘȢ 
șĮ ʌȡȑʌİȚ ȞĮ İȓȞĮȚ Ș İȞİȡȖȠʌȠȓȘıȘ țĮȚ įȚĮĲȒȡȘıȘ ĲȘȢ İȖȖİȞȠȪȢ ȝȘȤĮȞȚțȒȢ ĮȞĲȠȤȒȢ 
ĲȘȢ ʌİȡȚȕȐȜȜȠȣıĮȢ ȕȡĮȤȠȝȐȗĮȢ, ȫıĲİ ȞĮ ĮȟȚȠʌȠȚȘșİȓ țĮĲȐ ĲȠ ȝȑȖȚıĲȠ įȣȞĮĲȩȞ ĲȠ 
įȣȞĮȝȚțȩ ĮȣĲȠȨʌȠıĲȘȡȓȟİȦȢ ĲȘȢ. ǹȣĲȩ İʌȚĲȣȖȤȐȞİĲĮȚ ȝİ ȤȡȠȞȚțȐ țĮĲȐȜȜȘȜȘ ĲȠʌȠșȑ-
ĲȘıȘ İȞȩȢ ıȣıĲȒȝĮĲȠȢ ȣʌȠıĲȪȜȦıȘȢ țĮĲȐȜȜȘȜȘȢ įȣıțĮȝȥȓĮȢ țĮȚ İʌĮȡțȠȪȢ ĳȑȡȠȣ-
ıĮȢ ȚțĮȞȩĲȘĲĮȢ. ǹȣĲȒ İȓȞĮȚ țĮȚ Ș İȚįȠʌȠȚȩȢ įȚĮĳȠȡȐ ĲȘȢ ȃȑĮȢ ǹȣıĲȚĮțȒȢ ȂİșȩįȠȣ 
ıȣȖțȡȚĲȚțȐ ȝİ ȐȜȜİȢ ȝİșȩįȠȣȢ İȟȩȡȣȟȘȢ, įȘȜĮįȒ Ș ȤȡȘıȚȝȠʌȠȓȘıȘ İțĲȠȟİȣȩȝİȞȠȣ 
ıțȣȡȠįȑȝĮĲȠȢ ȦȢ ĮȡȤȚțȒ ȣʌȠıĲȒȡȚȟȘ ĮȞĲȓ ȖȚĮ ʌȡȠțĮĲĮıțİȣĮıȝȑȞȠȣȢ įĮțĲȣȜȓȠȣȢ 
ıțȣȡȠįȑȝĮĲȠȢ Ȓ ȤȣĲȠıȚįȒȡȠȣ. 

   
 

ǹȟȠȞȠıȣȝȝİĲȡȚțȒ ȈȒȡĮȖȖĮ ıİ ǼȜĮıĲȚțȩ īİȦȨȜȚțȩ 
 

Ǿ ĮȜȜȘȜİʌȓįȡĮıȘ ȕȡĮȤȠȝȐȗĮȢ – ȣʌȠıĲȪȜȦıȘȢ ȝʌȠȡİȓ ȞĮ ȝİȜİĲȘșİȓ İȪțȠȜĮ ȩĲĮȞ Ș 
ȖİȦȝİĲȡȓĮ ĲȘȢ ıȒȡĮȖȖĮȢ İȓȞĮȚ țȣțȜȚțȒ țĮȚ ȣʌȠȕȐȜȜİĲĮȚ ıİ ȚıȩĲȡȠʌȘ ĳȩȡĲȚıȘ ȝĮțȡȣ-
ȞȠȪ ʌİįȓȠȣ 0p , įȘȜĮįȒ ȑȤȠȣȝİ ĮȟȠȞȠıȣȝȝİĲȡȚțȑȢ ıȣȞșȒțİȢ ȝİ ıȣȞȑʌİȚĮ ĲȠ ʌȡȩȕȜȘ-
ȝĮ ȞĮ țĮșȓıĲĮĲĮȚ ʌȡĮțĲȚțȐ ȝȠȞȠįȚȐıĲĮĲȠ. 
 

 
 
ȈȤ.3.13. ǺĮșȝȚĮȓĮ İțĲȩȞȦıȘ ĲȦȞ ȖİȦıĲĮĲȚțȫȞ ĲȐıİȦȞ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ 
ȝȑĲȦʌȠ. 
 

 
Ǿ İțĲȩȞȦıȘ ĲȦȞ ȖİȦıĲĮĲȚțȫȞ ĳȠȡĲȓȦȞ ȝʌȠȡİȓ ȞĮ İțĳȡĮıĲİȓ ȝİ ĲȘȞ ȕĮșȝȚĮȓĮ 

ȝİȓȦıȘ ĲȠȣ ĮȡȤȚțȠȪ İȞĲĮĲȚțȠȪ ʌİįȓȠȣ țĮĲȐ ȝȒțȠȢ ĲȘȢ ʌİȡȚȝȑĲȡȠȣ ĲȘȢ ıȒȡĮȖȖĮȢ (İʌȚ-
ĳĮȞİȚĮțȑȢ ĲȐıİȚȢ)  (ȈȤ. 3.13) 

� � 01 ppi O�  (3.28)
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ȩʌȠȣ 0p  İȓȞĮȚ ĲȠ ĮȡȤȚțȩ İȞĲĮĲȚțȩ ʌİįȓȠ ıİ ıȘȝİȓȠ ĲȘȢ ʌİȡȚĳȑȡİȚĮȢ ĲȘȢ ıȒȡĮȖȖĮȢ țĮȚ 
O  Ƞ «ıȣȞĲİȜİıĲȒȢ İțĲȩȞȦıȘȢ» ʌȠȣ ȝʌȠȡİȓ ȞĮ ȕȡİșİȓ Įʌȩ ĲȘ ıȤȑıȘ (3.27) țĮȚ 
țȣȝĮȓȞİĲĮȚ Įʌȩ ĲȘȞ ĲȚȝȒ 0 ȑȦȢ ĲȘȞ ĲȚȝȒ 1. ǹȞ įİȞ ȑȤİȚ ĲȠʌȠșİĲȘșİȓ ȣʌȠıĲȒȡȚȟȘ ĲȩĲİ Ș 
ĮțĲȚȞȚțȒ ȝİĲĮĲȩʌȚıȘ ʌȠȜȪ ȝĮțȡȣȐ Įʌȩ ĲȘ ȝȑĲȦʌȠ įȓȞİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ 

G2
Rp)(u 0

R  f  (3.29)

 
ȩʌȠȣ G İȓȞĮȚ ĲȠ ȝȑĲȡȠ įȚȐĲȝȘıȘȢ ĲȠȣ ȖİȦȨȜȚțȠȪ.  

Ȉİ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ Ș ĮțĲȚȞȚțȒ ĲȐıȘ rV , Ș İĳĮʌĲȠȝİȞȚțȒ ĲȐıȘ TV  țĮȚ Ș 
ĮțĲȚȞȚțȒ ȝİĲĮĲȩʌȚıȘ ru  ıȣȞĮȡĲȒıİȚ ĲȘȢ ĮțĲȚȞȚțȒȢ șȑıȘȢ r Įʌȩ ĲȠ țȑȞĲȡȠ ĲȘȢ ıȒȡĮȖ-
ȖĮȢ ıİ ıȣȞșȒțİȢ İʌȚʌȑįȠȣ ʌĮȡĮȝȩȡĳȦıȘȢ įȓįȠȞĲĮȚ Įʌȩ ĲȚȢ ıȤȑıİȚȢ 

r
R

G2
pu

,p
r

R1

,p
r

R1

2
0

r

02

2

02

2
r

O 

¸
¸

¹

·

¨
¨

©

§
O� V

¸
¸

¹

·

¨
¨

©

§
O� V

T  (3.30)

 
Ǽʌȓ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ ıȒȡĮȖȖȠȢ Rr   ȠȚ ʌĮȡĮʌȐȞȦ ıȤȑıİȚȢ įȓȞȠȣȞ 

� � � �
� � � �

� �
G2
RpRu

,p1R
,p1R

0
r

0

0r

O 

O� V
O� V

T  
(3.31)

 
ȈĲȠ ȈȤ. 3.14 ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ ȖȡĮĳȚțȑȢ ĮʌİȚțȠȞȒıİȚȢ ĲȦȞ ȠȡșȫȞ ĲȐıİȦȞ ȖȚĮ 

įȚȐĳȠȡİȢ ĲȚȝȑȢ ĲȠȣ ıȣȞĲİȜİıĲȒ İțĲȩȞȦıȘȢ Ȝ. 
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ȈȤ. 3.14  
 
 

ȅȚ įȚĮįȡȠȝȑȢ ĲȦȞ ĲȐıİȦȞ țĮȚ ĲȦȞ ĲȡȠʌȫȞ ıĲȠ ĲȠȓȤȦȝĮ ĲȘȢ ıȒȡĮȖȖȠȢ ȖȚĮ ĲȘȞ ĮȟȠ-
ȞȠıȣȝȝİĲȡȚțȒ ıȒȡĮȖȖĮ ıİ ȖȡĮȝȝȚțȩ İȜĮıĲȚțȩ ȝȑıȠ ʌĮȡȠȣıȚȐȗİĲĮȚ ıĲȠ ȈȤ. 3.15. 
 

 
ȈȤ. 3.15. ȅȚ ĲĮıȚțȑȢ țĮȚ ĲȡȠʌȚțȑȢ įȚĮįȡȠȝȑȢ ıĲȠ ĲȠȓȤȦȝĮ ĲȘȢ ıȒȡĮȖȖĮȢ ȖȚĮ ĮȟȠȞȠıȣȝȝİĲȡȚțȒ 
țĮȚ İȜĮıĲȚțȒ țĮĲȐıĲĮıȘ. 
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Ǿ ıȤȑıȘ ĲȘȢ ıȪȖțȜȚıȘȢ ĲȘȢ ıȒȡĮȖȖĮȢ ȝİ ĲȚȢ İʌȚĳĮȞİȚĮțȑȢ ĲȐıİȚȢ ʌȠȣ įȡȠȪȞ ıĲȘȞ 
ʌİȡȚĳȑȡİȚĮ ĲȘȢ țĮȜİȓĲĮȚ “ȀĮȝʌȪȜȘȢ ǹȞĲȓįȡĮıȘȢ ȆİĲȡȫȝĮĲȠȢ (Ground Reaction 
Curve)” Ȓ țĮȝʌȪȜȘȢ ıȪȖțȜȚıȘȢ-İțĲȩȞȦıȘȢ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ. ȅʌȦȢ ĳĮȓȞİĲĮȚ 
ıĲȠ ȈȤ. 3.16 ĮȣĲȒ Ș țĮȝʌȪȜȘ ȜĮȝȕȐȞİĲĮȚ ĮȞ ıȤİįȚȐıȠȣȝİ ĲȘȞ ĮțĲȚȞȚțȒ ĲȐıȘ ıĲȠ 
ıȪȞȠȡȠ ĲȘȢ İțıțĮĳȒȢ RV  ıȣȞĮȡĲȒıİȚ ĲȘȢ Ru  ȖȚĮ țȐșİ ĲȚȝȒ ĲȠȣ ıȣȞĲİȜİıĲȠȪ Ȝ. ǹʌǯ 
ĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ Ș ȤĮȡĮțĲȘȡȚıĲȚțȒ țĮȝʌȪȜȘ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ ʌȠȣ ĳĮȓȞİĲĮȚ ıĲȠ ȓįȚȠ 
ıȤȒȝĮ ȝʌȠȡİȓ ȞĮ țĮĲĮıțİȣĮıșİȓ Įʌȩ ĲȘȞ İȜĮıĲȚțȒ ıȤȑıȘ ȝİĲĮȟȪ ĲȘȢ İĳĮȡȝȠȗȩȝİȞȘȢ 
ʌȓİıȘȢ sp  țĮȚ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ sRu  

R
uKp sR

ss   (3.32)

 
ȩʌȠȣ sK  İȓȞĮȚ ĲȠ ȝȑĲȡȠ ĮțĮȝȥȓĮȢ ĲȘȢ ȣʌȠıĲȪȜȦıȘȢ țĮȚ sRu įȓįİĲĮȚ Įʌȩ ĲȘȞ İȟȓıȦ-
ıȘ 

)d(u)x(uu RRsR �  (3.33)
 

Ǿ ĳȣıȚțȒ ıȘȝĮıȓĮ ĲȘȢ İȟȓıȦıȘȢ (3.33) İȓȞĮȚ ȩĲȚ Ș ȣʌȠıĲȪȜȦıȘ ĲȠʌȠșİĲİȓĲĮȚ ıİ 
ĮʌȩıĲĮıȘ x=d Įʌȩ ĲȠ ȝȑĲȦʌȠ (d İȓȞĮȚ ĲȠ ĮȞȣʌȠıĲȪȜȦĲȠ ȝȒțȠȢ ĲȘȢ ıȒȡĮȖȖĮȢ). 

 

 
ȈȤ. 3.16. ȀĮȝʌȪȜȘ ĮȞĲȓįȡĮıȘȢ ʌİĲȡȫȝĮĲȠȢ (ȜİʌĲȒ ȖȡĮȝȝȒ) țĮȚ ȤĮȡĮțĲȘȡȚıĲȚțȒ țĮȝʌȪȜȘ ĲȘȢ 
ȣʌȠıĲȪȜȦıȘȢ (ȤȠȞĲȡȒ ȖȡĮȝȝȒ).  
 
 

KĮĲȐ ĲȘȞ ȚıȠȡȡȠʌȓĮ Ș ʌȓİıȘ ʌȠȣ İȟĮıțİȓĲĮȚ Įʌȩ ĲȘȞ İįĮĳȠȕȡĮȤȩȝĮȗĮ ıĲȘȞ ȣʌȠ-
ıĲȪȜȦıȘ (ȕȜ. ȈȤ. 3.16) ȝʌȠȡİȓ ȞĮ ȕȡİșİȓ Įʌȩ ĲȘȞ İȟȓıȦıȘ (3.33) 

^ ` � �
¿
¾
½

¯
®
­O� 

�
 

G2
pdK

R
)x(uK

R
)d(u)x(uKp 0

s
R

s
RR

ss  (3.34Į)

 
țĮȚ ĲȘȞ ʌȡȫĲȘ İț ĲȦȞ İȟȚıȫıİȦȞ (3.31) 
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� � > @s0RR00sr pp
G2
R)x(u)x(u

R
G2pp)d(1p)R( � �� O�  V  (3.34ȕ)

 
ǹȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȘȞ ȝİĲĮĲȩʌȚıȘ )x(uR  ȩʌȦȢ ȕȡȑșȘțİ Įʌȩ ĲȘȞ (3.33ȕ) ıĲȘȞ 

(3.33Į) ȕȡȓıțȠȣȝİ 

� �> @ 0
S

S
s pd1

G2K
Kp O�
�

  (3.34Ȗ)

 
ȉȑȜȠȢ, ĮȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȘȞ ȑțĳȡĮıȘ ȖȚĮ ĲȘȞ ʌȓİıȘ İʌȓ ĲȘȢ ȣʌȠıĲȪȜȦıȘȢ ıĲȘȞ 

(3.34ȕ) ȕȡȓıțȠȣȝİ ĲȘȞ ĲİȜȚțȒ ȝİĲĮĲȩʌȚıȘ ĲȘȢ ȣʌȠıĲȣȜȦȝȑȞȘȢ ıȒȡĮȖȖĮȢ 
� �

G2
Rp

KG2
KdG2u 0

S
S

R �
O�

  (3.34į)

 
AȞĮțİĳĮȜĮȚȫȞȠȞĲĮȢ, Ș ĮȜȜİʌȓįȡĮıȘ ȝİĲĮȟȪ İįĮĳȠ-ȕȡĮȤȩȝĮȗĮȢ țĮȚ ȝȑĲȡȦȞ ȣʌȠ-

ıĲȪȜȦıȘȢ, Ș ȠʌȠȓĮ țĮȚ ʌİȡȚȖȡȐĳİĲĮȚ Įʌȩ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ “ȋĮȡĮțĲȘȡȚıĲȚțȑȢ ȀĮȝʌȪ-
ȜİȢ ȊʌȠıĲȪȜȦıȘȢ”, İȟĮȡĲȐĲĮȚ Įʌȩ ĲȚȢ ʌĮȡĮțȐĲȦ ʌĮȡĮȝȑĲȡȠȣȢ: 

 
x ĲȘȞ ĮțĮȝȥȓĮ ĲȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ, Ș ȠʌȠȓĮ țĮșȠȡȓȗİȚ țĮȚ ĲȠ ȝȑȖİșȠȢ ĲȦȞ 

ʌĮȡĮȝȠȡĳȫıİȦȞ ʌȠȣ İʌȚĲȡȑʌİĲĮȚ ȞĮ ĮȞĮʌĲȣȤșȠȪȞ 
x ĲȘȞ ʌĮȡĮȝȠȡĳȦıȚȝȩĲȘĲĮ (Ȓ İȞįȠĲȚțȩĲȘĲĮ) ĲȘȢ İįĮĳȠȕȡĮȗȩȝĮȗĮȢ 
x ĲȠ ĮȡȤȚțȩ İʌȓ ĲȩʌȠȣ ʌİįȓȠ ĲȐıİȦȞ 
x ĲȠ ȝȑȖȚıĲȠ ĳȠȡĲȓȠ ʌȠȣ ȝʌȠȡİȓ ȞĮ ʌĮȡĮȜȘĳșİȓ Įʌȩ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ 
x ĲȘ ȝİĲĮĲȩʌȚıȘ Ș ȠʌȠȓĮ ȑȤİȚ ȜȐȕİȚ ȤȫȡĮ ʌȡȓȞ ĲȘȞ İĳĮȡȝȠȖȒ ĲȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪ-

ȜȦıȘȢ. 
 
 
ȈȒȡĮȖȖĮ ıİ ǼȜĮıĲȚțȒ ǼįĮĳȠȕȡĮȤȩȝĮȗĮ ʌȠȣ ȊʌȠȕȐȜȜİĲĮȚ ıİ ǹȞȚıȩĲȡȠʌȠ ǹȡȤȚțȩ 
ǼȞĲĮĲȚțȩ ȆİįȓȠ 
 

ǹȞ ĲȠ ĮȡȤȚțȩ İȞĲĮĲȚțȩ ʌİįȓȠ İȓȞĮȚ ĮȞȚıȩĲȡȠʌȠ ĲȠ ʌȡȩȕȜȘȝĮ įİȞ İȓȞĮȚ ʌȜȑȠȞ ĮȟȠȞȠ-
ıȣȝȝİĲȡȚțȩ. ǼıĲȦ ȩĲȚ Ƞ ȐȟȠȞĮȢ ĲȘȢ țȣțȜȚțȒȢ ıȒȡĮȖȖȠȢ ıȣȝʌȓʌĲİȚ ȝİ ĲȘȞ ȝȓĮ țȪȡȚĮ 
ĲȐıȘ țĮȚ ıĲȠ İʌȓʌİįȠ ĲȠ țȐșİĲȠ ıĲȠȞ ȐȟȠȞĮ ĲȘȢ ıȒȡĮȖȖȠȢ ȠȚ ĮȡȤȚțȑȢ İʌȓ ĲȩʌȠȣ ĲȐıİȚȢ 
įȓȞȠȞĲĮȚ Įʌȩ ĲȠȣȢ ĲȪʌȠȣȢ 

0
vh

0
v k,H V VJ V  (3.34İ)

 
ȅȚ ȝİĲĮĲȠʌȓıİȚȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ ıȤȑıİȚȢ (3.17ȕ) ĮĳȠȪ șȑıȠȣȝİ 0

vv )x( VO V , 
ȒĲȠȚ 

� � � � � �

� � � �
 

2sin
r

R212k1)x(
r2

RuG2

2cos
r

R14k1)x(
r2

R
r

Rk1)x(
2
1uG2

2

2
0
v

2

2

2
0
v

22
0
vr

°
°
°

¿

°°
°

¾

½

T
»
»
¼

º

«
«
¬

ª
�Q��VO '

T
»
»
¼

º

«
«
¬

ª
�Q��VO�

»
»
¼

º

«
«
¬

ª
�VO '

T

 (3.34ȗ)

 
ȅȚ ȝİĲĮĲȠʌȓıİȚȢ ĲȦȞ ĲȠȚȤȦȝȐĲȦȞ ĲȘȢ ıȒȡĮȖȖȠȢ ȝʌȠȡİȓ ȞĮ ȕȡİșȠȪȞ ĮȞ șȑıȠȣȝİ r=R 
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� � � � > @

� � > @
 

2sin43k1)x(
2
RuG2

2cos43k1)x(
2
RRk1)x(

2
1uG2

0
v

0
v

0
vr

°
°
¿

°°
¾

½

TQ��VO '

TQ��VO��VO '

T

 (3.34Ș)

 
ȈĲȠ ȈȤ. 3.16Į ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ țĮȝʌȪȜİȢ İțĲȩȞȦıȘȢ-ıȪȖțȜȚıȘȢ ĲȘȢ ȠȡȠĳȒȢ țĮȚ 

ĲȘȢ ʌĮȡİȚȐȢ țȣțȜȚțȒȢ ıȒȡĮȖȖȠȢ ĮțĲȓȞȠȢ 5 m ʌȠȣ ȕȡȓıțİĲĮȚ ıİ ȕȐșȠȢ 100 m ȝİ ıȣȞĲİ-
ȜİıĲȒ ʌȜİȣȡȚțȒȢ ȫșȘıȘȢ k=0.8 ıİ ȕȡĮȤȩȝĮȗĮ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ E =2 GPa țĮȚ 
ıȣȞĲİȜİıĲȠȪ Poisson Ȟ=0.3.  
 

 
ȈȤ. 3.16Į. ȀĮȝʌȪȜȘ ĮȞĲȓįȡĮıȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ ıĲȘȞ ȠȡȠĳȒ (ș=90Ƞ) țĮȚ ıĲȘȞ İȡȣșȡȐ 
țȣțȜȚțȒȢ ıȒȡĮȖȖĮȢ (ș=0Ƞ).  

 
 

ȅȚ ȝİĲĮĲȠʌȓıİȚȢ ıĲĮ ıȘȝİȓĮ ĮȣĲȐ ȖȚĮ Ȝ(x)=0.8 ȝʌȠȡȠȪȞ ȞĮ ȕȡİșȠȪȞ 
mm 5.148)0(ur   T'  țĮȚ mm 7.722)2/(ur  S T' .  

 
 
ǹȟȠȞȠıȣȝȝİĲȡȚțȒ ȈȒȡĮȖȖĮ ıİ ǼȜĮıĲȠʌȜĮıĲȚțȩ īİȦȨȜȚțȩ țĮȚ ıİ ǿıȩĲȡȠʌȠ īİȦıĲĮĲȚțȩ 
ȆİįȓȠ 
 

ǹʌȩ ĲȘ ıȤȑıȘ (3.24) 

¸̧
¹

·
¨̈
©

§
V

�
V

   
f

f P1
G2
Ru)Rr(u Rr  (3.35Į)

 
ȕȜȑʌȠȣȝİ ʌȦȢ ĲȠ ĲȠȓȤȦȝĮ ĲȘȢ ıȒȡĮȖȖĮȢ ıȣȖțȜȓȞİȚ İȞĲȩȢ ĮȣĲȒȢ ĮȞ İȜĮĲȦșİȓ Ș ʌȓİıȘ 
ȣʌȠıĲȒȡȚȟȘȢ Įʌȩ –P ıİ ȝȘįȑȞ. ǹȣĲȒ Ș ıȤȑıȘ İĳĮȡȝȩȗİĲĮȚ ıİ ȖȡĮȝȝȚțȫȢ İȜĮıĲȚțȩ 
ȖİȦȨȜȚțȩ. ǹȞ Ș ȝİĲĮĲȩʌȚıȘ  Ru  ıĲȠ ĲȠȓȤȦȝĮ ĲȘȢ ıȒȡĮȖȖȠȢ ȟİʌİȡȐıİȚ ȝȚȐ țȡȓıȚȝȘ 
ȝİĲĮĲȩʌȚıȘ ȤĮȡĮțĲȘȡȚıĲȚțȒ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ ĮȣĲȒ ȝʌȠȡİȓ ȞĮ ĮıĲȠȤȒıİȚ ȝİ ĲȘ ȝȠȡĳȒ 
ʌȜĮıĲȚțȒȢ įȚĮȡȡȠȒȢ. ȉȩĲİ Ș ȤĮȡĮțĲȘȡȚıĲȚțȒ țĮȝʌȪȜȘ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ įİȞ șĮ ıȣȞİȤȓ-
ıİȚ ıİ İȣșİȓĮ įȚĮįȡȠȝȒ ȩʌȦȢ ıĲȠ ȈȤ. 3.16 ĮȜȜȐ șĮ İȓȞĮȚ țĮȝʌȪȜȘ ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ 
ȈȤ. 3.17.  
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ȈȤ. 3.17. ȀĮȝʌȪȜȘ ǹȞĲȓįȡĮıȘȢ ȆİĲȡȫȝĮĲȠȢ ʌȠȣ İʌȚįİȚțȞȪİȚ İȜĮıĲȠʌȜĮıĲȚțȒ ȝȘȤĮȞȚțȒ 
ıȣȝʌİȡȚĳȠȡȐ. 
 
 

ǹʌȩ ĲȚȢ ıȤȑıİȚȢ (3.23) ĳĮȓȞİĲĮȚ ȩĲȚ ȩıȠ Ș ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ p ȝİȚȫȞİĲĮȚ ĲȩĲİ Ș 
įȚĮĳȠȡȐ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ ĮȣȟȐȞİĲĮȚ, įȘȜĮįȒ 

� � Pp,
r

Rp2 2

2
r � �V V�V fT  (3.35ȕ)

 
ȅĲĮȞ Ș įȚĮĳȠȡȐ ĮȣĲȒ ȣʌİȡȕİȓ ĲȘȞ ȠȡȚĮțȒ ĮȞĲȠȤȒ ĲȘȢ İįĮĳȠȕȡĮȤȩȝĮȗĮȢ ʌȠȣ įȓȞİ-

ĲĮȚ Įʌȩ țĮĲȐȜȜȘȜȠ țȡȚĲȒȡȚȠ ĮıĲȠȤȓĮȢ ĲȩĲİ ĮȣĲȒ ʌĮȪİȚ ȞĮ ıȣȝʌİȡȚĳȑȡİĲĮȚ ȝİ İȜĮıĲȚ-
țȩ ĲȡȩʌȠ țĮȚ ʌĮȡĮĲȘȡİȓĲĮȚ ʌȜĮıĲȚțȒ įȚĮȡȡȠȒ ʌȜȘıȓȠȞ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ ıȒȡĮȖȖĮȢ 
(Ȉ.Ȥ. 3.18). 

 

 
ȈȤ. 3.18. ȆȜĮıĲȚțȒ ʌİȡȚȠȤȒ ĮțĲȓȞȠȢ er ȖȪȡȦ Įʌȩ ĮȟȠȞȠıȣȝȝİĲȡȚțȒ ıȒȡĮȖȖĮ.  
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īȚĮ İįĮĳȠȕȡĮȤȩȝĮȗĮ ʌȠȣ ȣʌĮțȠȪİȚ ĲȠ țȡȚĲȒȡȚȠ ĮıĲȠȤȓĮȢ Mohr-Coulomb Ș țȡȓıȚ-
ȝȘ ĲȚȝȒ ĲȘȢ įȚĮĳȠȡȐȢ ĲȦȞ țȣȡȚȫȞ ĲȐıİȦȞ (ȠȡȚĮțȒ ıȣȞșȒțȘ) ȖȚĮ ȣȜȚțȩ (Į) ȤȦȡȓȢ 
ıȣȞȠȤȒ (ȈȤ. 3.19Į) țĮȚ (ȕ) ıȣȞȠȤȒ (ȈȤ. 3.19ȕ) įȓȞİĲĮȚ ĮȞĲȓıĲȠȚȤĮ Įʌȩ ĲȚȢ ıȤȑıİȚȢ 

(Į) � � MV�VdV�V TT sinrr  (3.36Į)

(ȕ) � � M�MV�VdV�V TT cosc2sinrr  (3.36ȕ)
 

 
(Į) 

 
(ȕ) 

 
ȈȤ. 3.19 Į,ȕ 
 
 
(Į) ȆİȡȓʌĲȦıȘ īİȦȨȜȚțȠȪ ȤȦȡȓȢ ȈȣȞȠȤȒ (c=0) 
 

Ȉ’ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ Ș İĳĮʌĲȠȝİȞȚțȒ ĲȐıȘ ıĲȘȞ ʌȜĮıĲȚțȒ ʌİȡȚȠȤȒ įȓȞİĲĮȚ Įʌȩ 
ĲȘ ıȤȑıȘ 

rp V�. VT  (3.37)

 
ȩʌȠȣ ȠȡȓȗİĲĮȚ Ƞ «ıȣȞĲİȜİıĲȒȢ ʌĮșȘĲȚțȒȢ ȫșȘıȘȢ» 
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¸
¹
·

¨
©
§ I

�
S

 
I�
I�

 .
24

tan
sin1
sin1 2

p  (3.38)

 
ȅȚ ĲȐıİȚȢ ıĲȘȞ ʌȜĮıĲȚțȒ ʌİȡȚȠȤȒ İțĲȩȢ Įʌȩ ĲȘȞ ȠȡȚĮțȒ ıȣȞșȒțȘ (3.37) ʌȡȑʌİȚ ȞĮ 

ȚțĮȞȠʌȠȚȠȪȞ țĮȚ ĲȘȞ ıȣȞșȒțȘ ȚıȠȡȡȠʌȓĮȢ ıİ ĮȟȠȞȠıȣȝȝİĲȡȚțȑȢ ıȣȞșȒțİȢ 

0
rdr

d rr  
V�V

�
V T  (3.39)

 
ǹȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȘȞ ĲȚȝȒ ĲȘȢ İĳĮʌĲȠȝİȞȚțȒȢ ĲȐıȘȢ ȩʌȦȢ įȓȞİĲĮș Įʌȩ ĲȘȞ (3.37) 

ıĲȘȞ (3.39) ȜĮȝȕȐȞȠȣȝİ 

� �
r

dr1Kd
p

r
r � 

V
V  (3.40)

 
Ǿ ȜȪıȘ ĲȘȢ ʌĮȡĮʌȐȞȦ įȚĮĳȠȡȚțȒȢ İȟȓıȦıȘȢ İȓȞĮȚ Ș ĮțȩȜȠȣșȘ 

� � Alnrln1Kln pr �� V  (3.41)

 
ǹʌȜȠʌȠȚȫȞĲĮȢ ȝʌȠȡȠȪȝİ ȞĮ ȕȡȠȪȝİ ĲȘȞ ĮțȩȜȠȣșȘ ȑțĳȡĮıȘ ȖȚĮ ĲȘȞ ĮțĲȚȞȚțȒ ĲȐıȘ 

� �1K
r

pAr �
 V  (3.42)

 
ǼĳĮȡȝȩȗȠȞĲĮȢ ĲȘȞ ıȣȞȠȡȚĮțȒ ıȣȞșȒțȘ Pr � V ıĲȘȞ ʌİȡȚĳȑȡİȚĮ ĲȘȢ ıȒȡĮȖȖȠȢ 
Rr   ʌȡȠțȪʌĲȠȣȞ ȠȚ ĲİȜȚțȑȢ İțĳȡȐıİȚȢ ĲȘȢ ĮțĲȚȞȚțȒȢ țĮȚ ĲȘȢ İĳĮʌĲȠȝİȞȚțȒȢ ĲȐıİȦȢ 

ıĲȘȞ ʌȜĮıĲȚțȒ ʌİȡȚȠȤȒ  
� � � �

e
1K

p
1K

r rrR,
R
rPK,

R
rP

pp
dd»¼

º
«¬
ª� V»¼

º
«¬
ª� V

�

T

�
 (3.43)

 
ȈĲȘȞ İȜĮıĲȚțȒ ʌİȡȚȠȤȒ ȚıȤȪȠȣȞ ȠȚ ıȤȑıİȚȢ  

� �

� �  rr,
r

r

,
r

r

e2

2
e

e

2

2
e

er

f�dV�V�V V

V�V�V V

ffT

ff
 (3.44)

 
ǼĳĮȡȝȩȗȠȞĲĮȢ ĲȘȞ ıȣȞșȒțȘ ıȣȞȑȤİȚĮȢ ĲȦȞ ĲȐıİȦȞ ıĲȘȞ ĮʌȩıĲĮıȘ err   ȜĮȝȕȐ-

ȞȠȣȝİ 

f

fT

fT

V
�

 V

�V�. V�. V�V�V�. V
V�V VV V

1K
2

2
,2,

p
e

eprperp

eer
 

(3.45)

 
Ǽț ĲȘȢ ıȤȑıİȦȢ (3.43) țĮȚ ĲȘȢ ʌĮȡĮʌȐȞȦ ıȤȑıȘȢ ʌȡȠțȪʌĲİȚ 
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� �
e

1K
e

r
p

R
rP V »¼
º

«¬
ª� V

�
 (3.46)

 
ȉİȜȚțȫȢ Įʌȩ ĲȘȞ (3.46) țĮȚ ĲȘȞ ĲİȜİȣĲĮȓĮ İț ĲȦȞ (3.45) ʌȡȠțȪʌĲİȚ Ș ĮțĲȓȞĮ ĲȘȢ 

ʌȜĮıĲȚțȒȢ ȗȫȞȘȢ 

1K
1

p
e

p
P1K

2Rr
�f

¸
¸
¹

·
¨
¨
©

§ V
�

�  (3.47)

 
 
ǹıțȘıȘ 1: ȆȠȚȐ İȓȞĮȚ Ș ʌȓİıȘ İʌȓ ĲȘȢ ıȒȡĮȖȖĮȢ (–P) ȑĲıȚ ȫıĲİ ȞĮ ȝȘįİȞȚıșİȓ ĲȠ 
ʌȐȤȠȢ ĲȘȢ ȗȫȞȘȢ ʌȜĮıĲȚțȩĲȘĲĮȢ ;  
 

ȈĲȠ ȈȤ. 3.20 ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ țĮĲĮȞȠȝȑȢ ĲȦȞ ĲȐıİȦȞ ıĲȘȞ ʌȜĮıĲȚțȒ țĮȚ İȜĮıĲȚ-
țȒ ʌİȡȚȠȤȒ ʌȑȡȚȟ ĲȘȢ ĮȟȠȞȠıȣȝȝİĲȡȚțȒȢ ıȒȡĮȖȖĮȢ. 
 

 
ȈȤ. 3.20 

 
 
AıțȘıȘ 2: ȃĮ ȕȡİșȠȪȞ ȠȚ ĲȐıİȚȢ ȖȚĮ ĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ĲȠ ȖİȦȨȜȚțȩ ʌĮȡȠȣıȚȐȗİȚ 
ıȣȞȠȤȒ, ȒĲȠȚ 

I�
I��

�V�. VT sin1
cosc2

rp  (3.48)

 
 

ȊʌȠȜȠȖȚıȝȩȢ ĲȘȢ ȀĮȝʌȪȜȘȢ ǼțĲȩȞȦıȘȢ-ȋĮȜȐȡȦıȘȢ ĲȘȢ ǼȜĮıĲȠʌȜĮıĲȚțȒȢ ǼįĮĳȠȕȡĮ-
ȤȩȝĮȗĮȢ 
 

ȀĮĲĮȡȤȒȞ ȣʌȠȜȠȖȓȗȠȣȝİ ĲȚȢ ĲȡȠʌȑȢ ıĲȘȞ ʌȜĮıĲȚțȒ ʌİȡȚȠȤȒ ȣʌȠșȑĲȦȞĲĮȢ ȩĲȚ ĲȠ 
ȖİȦȨȜȚțȩ ıȣȝʌİȡȚĳȑȡİĲĮȚ ȦȢ ȐțĮȝʌĲȠ-ĲİȜİȓȦȢ ʌȜĮıĲȚțȩ ȣȜȚțȩ ıĲȘȞ ʌȜĮıĲȚțȒ ʌİȡȚȠ-
ȤȒ (ȈȤ. 3.21). 
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O

ı

İ

ı*

 
ȈȤ. 3.21 

 
 
ǿıȤȪȠȣȞ ȠȚ țȐĲȦșȚ ıȤȑıİȚȢ ĲȦȞ ĲȡȠʌȫȞ ıȣȞĮȡĲȒıİȚ ĲȘȢ ĮțĲȚȞȚțȒȢ ıȣȞȚıĲȫıĮȢ ĲȘȢ 

ȝİĲĮĲȩʌȚıȘȢ u 

r
u,

dr
du

r  H H T  (3.49)

 
ǼʌȓıȘȢ ȚıȤȪİȚ Ș ʌĮȡĮțȐĲȦ ıȤȑıȘ ʌȠȣ ĮʌȠįȓįİȚ ĲȘȞ ȠȖțȚțȒ ĲȡȠʌȒ 

TH�H H rv  (3.50)
 

ȀĮĲȩʌȚȞ țȐȞȠȣȝİ ĲȘȞ ʌĮȡĮțȐĲȦ țĮĲĮıĲĮĲȚțȒ ʌĮȡĮįȠȤȒ ʌȠȣ ıȣȞįȑİȚ ĲȘȞ ȠȖțȚțȒ 
ĲȡȠʌȒ ȝİ ĲȘȞ ĮțĲȚȞȚțȒ ĲȡȠʌȒ 

rv bH H  (3.51)
 
ȩʌȠȣ b İȓȞĮȚ ıĲĮșİȡȐ ĲȠȣ ȣȜȚțȠȪ ʌȠȣ ʌİȡȚȖȡȐĳİȚ ĲȘȞ įȚĮıĲȠȜȚțȩĲȘĲĮ ĲȠȣ ȖİȦȨȜȚțȠȪ. 
ǹʌȩ ĲȚȢ (3.50) țĮȚ (3.51) ȜĮȝȕȐȞȠȣȝİ 

dr
dub

r
u

dr
du

 �  (3.52)

 
Ǿ ȜȪıȘ ĲȘȢ ʌĮȡĮʌȐȞȦ įȚĮĳȠȡȚțȒȢ İȟȓıȦıȘȢ İȓȞĮȚ Ș İȟȒȢ 

b1
1

r

Au

�

  
(3.53)

 
Ǿ ıĲĮșİȡȐ ǹ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ ıȣȞșȒțȘ ıȣȞȑȤİȚĮȢ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ 

euu  ıİ ĮʌȩıĲĮıȘ err   (3.54)
 

ȁĮȝȕȐȞȠȞĲĮȢ ȣʌȩȥȘȞ ĲȘȞ ıȤȑıȘ ʌȠȣ įȓȞİȚ ĲȘȞ İȜĮıĲȚțȒ ȝİĲĮĲȩʌȚıȘ ʌĮȓȡȞȠȣȝİ 
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ȁȪȞȠȞĲĮȢ ȦȢ ʌȡȠȢ ǹ țĮȚ ĮȞĲȚțĮșȚıĲȫȞĲĮȢ ıĲȘȞ (3.53) ȕȡȓıțȠȣȝİ ĲȘȞ ĮțĲȚȞȚțȒ 

ȝİĲĮĲȩʌȚıȘ ıĲȘȞ ʌȜĮıĲȚțȒ ʌİȡȚȠȤȒ 
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  (3.56)

 
AȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȚȢ ĲȚȝȑȢ ĲȦȞ ee r,V  ȕȡȓıțȠȣȝİ ĲȘȞ ĲİȜȚțȒ ȑțĳȡĮıȘ ĲȘȢ ȝİĲĮĲȩ-

ʌȚıȘȢ ıĲȠ ıȪȞȠȡȠ ĲȘȢ ıȒȡĮȖȖĮȢ 

� � )b1(1K
b2

p
R

p
p1K

2
G2

Rsinu ��
�

ff
¸
¸
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·
¨
¨
©

§ V
�

V
M  (3.57)

 
Ǿ ʌĮȡĮʌȐȞȦ ıȤȑıȘ İĳĮȡȝȩȗİĲĮȚ ȩĲĮȞ Ș ʌȓİıȘ İʌȓ ĲȦȞ ĲȠȚȤȦȝȐĲȦȞ ĲȘȢ ıȒȡĮȖȖĮȢ 

İȓȞĮȚ ȝȚțȡȩĲİȡȘ Įʌȩ *p  ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. 3.22 ȖȚĮĲȓ ȩĲĮȞ İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ 
ȚıȤȪİȚ Ș İȜĮıĲȚțȒ ıȤȑıȘ (3.31)3. 
 

 
ȈȤ. 3.22 
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ȂİșȠįȠȜȠȖȓĮ ǹȞĮȜȪıİȦȞ ǼȣıĲȐșİȚĮȢ ȈȒȡĮȖȖĮȢ ʌȠȣ ȀĮĲĮıțİȣȐȗİĲĮȚ ȝİ ĲȘ ȃȑĮ 
ǹȣıĲȡȚĮțȒ ȂȑșȠįȠ (NATM) 

 
īȚĮ ĲȘȞ țĮĲȐ ĲȠ įȣȞĮĲȩȞ ʌȜȘȡȑıĲİȡȘ įȚİȡİȪȞȘıȘ ĲȦȞ ıȣȞșȘțȫȞ İȣıĲȐșİȚĮȢ ȝȚĮȢ 

ıȒȡĮȖȖĮȢ ĮțȠȜȠȣșİȓĲĮȚ Ș İȟȒȢ ȝİșȠįȠȜȠȖȓĮ: 
 
x ǹȞĮȜȪıȘ İȣıĲȐșİȚĮȢ ȤȦȡȓȢ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ ȝİ ĲĮȣĲȩȤȡȠȞȠ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ 

ȀĮȝʌȪȜȘȢ ǹȞĲȓįȡĮıȘȢ ȆİĲȡȫȝĮĲȠȢ  (ǹȞȐȜȣıȘ ȝİ ȆİʌİȡĮıȝȑȞİȢ ȈĲȠȚȤİȓĮ Ȓ 
ǻȚĮĳȠȡȑȢ ȖȚĮ ȩȜİȢ ĲȚȢ țĮĲȘȖȠȡȓİȢ ʌİĲȡȫȝĮĲȠȢ țĮȚ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ įȚĮĲȠȝȑȢ). 

x ǼȜİȖȤȠȢ ĲȘȢ İʌȐȡțİȚĮȢ ĲȦȞ ʌȡȠĲİȚȞȩȝİȞȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ ȝİ ĲȘ ȝȑșȠįȠ 
ĲȦȞ ĮțĮȝȥȚȫȞ  (ǹȞĮȜȣĲȚțȑȢ ıȤȑıİȚȢ ȖȚĮ ĲĮ ʌȡȠĲİȚȞȩȝİȞĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ 
ȖȚĮ ĲȚȢ ʌĮȡĮʌȐȞȦ țĮĲȘȖȠȡȓİȢ). 

x ǹȞȐȜȣıȘ İȣıĲȐșİȚĮȢ ȝİ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ - ȆȡȠıȠȝȠȓȦıȘ ʌȠȜȣıĲĮįȚĮțȒȢ 
İțıțĮĳȒȢ țĮȚ ȣʌȠıĲȪȜȦıȘȢ  (ǹȞȐȜȣıȘ ȝİ ȆİʌİȡĮıȝȑȞİȢ ȈĲȠȚȤİȓĮ Ȓ ǻȚĮĳȠȡȑȢ 
ȖȚĮ ȩȜİȢ ĲȚȢ țĮĲȘȖȠȡȓİȢ ʌİĲȡȫȝĮĲȠȢ țĮȚ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ įȚĮĲȠȝȑȢ.). 

x ǼȜİȖȤȠȢ ĮıĳȐȜİȚĮȢ ȑȞĮȞĲȚ ȠȜȓıșȘıȘȢ ıĳȘȞȫȞ. 
 

ȆİȡȚȖȡĮĳȒ ȊʌȠȜȠȖȚıĲȚțȒȢ ȂİșȩįȠȣ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ 
 

īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ĲȐıİȦȞ țĮȚ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ țĮĲȐ ĲȘȞ 
įȚȐȞȠȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ țĮșȫȢ țĮȚ ĲȦȞ ĳȠȡĲȓȦȞ ʌȠȣ ʌȡȑʌİȚ ȞĮ ʌĮȡĮȜȘĳșȠȪȞ Įʌȩ ĲĮ 
ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ ȝʌȠȡİȓ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ Ș ȂȑșȠįȠȢ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮ-
ĳȠȡȫȞ (Finite Differences Method, FDM).  

ȀĮĲȐ ĲȘ ȝȑșȠįȠ ĮȣĲȒ Ș ȕȡĮȤȠȝȐȗĮ ʌȡȠıȠȝȠȚȫȞİĲĮȚ ȝİ ĲȘ ȕȠȒșİȚĮ įȚıįȚȐıĲĮĲȦȞ 
İʌȓʌİįȦȞ ıĲȠȚȤİȓȦȞ ĲĮ ȠʌȠȓĮ ȝȠȡĳȫȞȠȣȞ ȑȞĮ ʌȜȑȖȝĮ. ȀȐșİ ıĲȠȚȤİȓȠ ıȣȝʌİȡȚĳȑȡİĲĮȚ 
ȝİ ĲȠȞ ʌȡȠțĮșȠȡȚıȝȑȞȠ ȞȩȝȠ ĲȐıİȦȞ-ʌĮȡĮȝȠȡĳȫıİȦȞ țĮȚ ĲȚȢ İĳĮȡȝȠȗȩȝİȞİȢ įȣȞȐ-
ȝİȚȢ Ȓ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ. H İțıțĮĳȒ ʌȡȠıȠȝȠȚȫȞİĲĮȚ ȝİ ĲȘȞ ĮĳĮȓȡİıȘ Ȓ ĲȘȞ 
ȤĮȜȐȡȦıȘ ĲȦȞ ıĲȠȚȤİȓȦȞ İțİȓȞȦȞ ĲȠȣ ʌȜȑȖȝĮĲȠȢ ʌȠȣ țĮĲĮȜĮȝȕȐȞȠȣȞ ĲȠ ȤȫȡȠ ĲȘȢ 
įȚĮĲȠȝȒȢ ĲȘȢ. Ȉİ țȐșİ țȩȝȕȠ İʌȚȜȪȠȞĲĮȚ ȠȚ İȟȚıȫıİȚȢ țȓȞȘıȘȢ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢ ĲȘȞ 
ȑȞȞȠȚĮ ĲȦȞ įȚĮįȠȤȚțȫȞ ȕȘȝȐĲȦȞ ȖȚĮ ĲȘȞ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ĲİȜȚțȒȢ ȜȪıİȦȢ. Ȉİ țȐșİ 
ĳȐıȘ İțıțĮĳȒȢ ĲȠ ʌȡȩȖȡĮȝȝĮ ȤȡȘıȚȝȠʌȠȚİȓ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ țĮĲȐȜȜȘȜȘ İʌĮȞĮȜȘʌĲȚ-
țȒ ȝȑșȠįȠ, șİȦȡȫȞĲĮȢ ȦȢ įİįȠȝȑȞĮ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȘȢ ʌȡȠȘȖȠȪȝİȞȘȢ İʌȓȜȣıȘȢ 
țĮȚ ĲȚȢ ȝȘȤĮȞȚțȑȢ-ȖİȦȝİĲȡȚțȑȢ ȚįȚȩĲȘĲİȢ ĲȠȣ ĳȠȡȑĮ. Ǿ İʌĮȞĮȜȘʌĲȚțȒ įȚĮįȚțĮıȓĮ 
ıȣȞİȤȓȗİĲĮȚ, ȝȑȤȡȚȢ ȩĲȠȣ ĲȠ ȝȑȖİșȠȢ ĲȘȢ “ĮȞȚıȠȡȡȠʌȓĮȢ” İȟȦĲİȡȚțȫȞ țĮȚ İıȦĲİȡȚțȫȞ 
įȣȞȐȝİȦȞ ȖȓȞİȚ ȝȚțȡȩĲİȡȠ Įʌȩ țȐʌȠȚȠ ʌȡȠțĮșȠȡȚıȝȑȞȠ țȜȐıȝĮ ĲȘȢ ĮȡȤȚțȒȢ “ĮȞȚıȠȡ-
ȡȠʌȓĮȢ”. īȚĮ țȐșİ ĳȐıȘ İțıțĮĳȒȢ, Ș ĮȡȤȚțȒ ’’ĮȞȚıȠȡȡȠʌȓĮ’’ įȘȝȚȠȣȡȖİȓĲĮȚ ȜȩȖȦ ĲȦȞ 
ȤĮȜĮȡȫıİȦȞ Ȓ ĮĳĮȚȡȑıİȦȞ (İțıțĮĳȫȞ) ĲȝȘȝȐĲȦȞ ĲȘȢ ıȒȡĮȖȖĮȢ. ȉȠȞȓȗİĲĮȚ İʌȓıȘȢ 
ȩĲȚ Ș İʌȓȜȣıȘ ȖȓȞİĲĮȚ ĲĮȣĲȩȤȡȠȞĮ ȖȚĮ ĲȠ ȑįĮĳȠȢ țĮȚ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȒȡȚȟȘȢ țĮȚ 
İʌȠȝȑȞȦȢ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȒȡȚȟȘȢ ıȣȞİȚıĳȑȡȠȣȞ ıĲȘ ıȣȝʌİȡȚĳȠȡȐ ĲȠȣ ȕȡȐȤȠȣ. 

ȉȑĲȠȚȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦ įȚĮĳȠȡȫȞ İȓȞĮȚ ĲȠ ʌȡȩȖȡĮȝȝĮ FLAC2D ʌȠȣ ĮȞĮ-
ʌĲȪȤșȘțİ Įʌȩ ĲȠȞ Dr. Peter Cundall țĮȚ ĲȘȞ Itasca Consulting Group, Inc. ıĲȘȞ 
Minnessota, 1986. 

 

ȅȡȚıȝȩȢ ǹȡȚșȝȘĲȚțȠȪ ȅȝȠȚȫȝĮĲȠȢ FLAC – ȆĮȡĮįȠȤȑȢ 
 

KĮĲȐ ĲȘȞ ĮȞȐȜȣıȘ Ș ȕȡĮȤȠȝȐȗĮ șİȦȡİȓĲĮȚ ȦȢ ȠȝȠȚȠȖİȞȑȢ – ȚıȩĲȡȠʌȠ - ıȣȞİȤȑȢ – 
İȜĮıĲȠʌȜĮıĲȚțȩ (Mohr-Coulomb) ȝȑıȠ. Ǿ ĮȞȐȜȣıȘ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ȖȚĮ įȚȐĳȠȡİȢ țĮ-
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ĲȘȖȠȡȓİȢ ȕȡĮȤȠȝȐȗĮȢ, ȝİ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ ʌĮȡĮȝȑĲȡȠȣȢ ĮȞĲȠȤȒȢ țĮȚ ʌĮȡĮȝȠȡĳȦıȚ-
ȝȩĲȘĲĮȢ, țĮȚ ȖȚĮ įȚȐĳȠȡİȢ țĮĲȘȖȠȡȓİȢ įȚĮĲȠȝȫȞ. 

ȈĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ĲȠ ȕȐșȠȢ ĲȘȢ İțıțĮĳȒȢ İȓȞĮȚ ʌȠȜȪ ȝİȖĮȜȪĲİȡȠ Įʌȩ ĲȠ ȝȑȖİ-
șȠȢ ĲȘȢ ıȒȡĮȖȖĮȢ ĲȩĲİ İȓȞĮȚ ȡİĮȜȚıĲȚțȩ Ș ĳȩȡĲȚıȘ ĲȠȣ İʌȓ ĲȩʌȠȣ ʌİĲȡȫȝĮĲȠȢ ʌȡȠıȠ-
ȝȠȚȫȞİĲĮȚ ȝİ įȚĮȟȠȞȚțȩ ʌİįȓȠ ĲȐıİȦȞ ıĲȠ ȐʌİȚȡȠ (ȝĮțȡȚȐ Įʌȩ ĲȘ ıȒȡĮȖȖĮ). ȈȘȝİȚȫ-
ȞİĲĮȚ İįȫ ȩĲȚ Ș İʌȓȜȣıȘ ʌȡȠȕȜȘȝȐĲȦȞ ıȘȡȐȖȖȦȞ ĮʌȠĲİȜİȓ ȚįĮȞȚțȩ ʌİįȓȠ İĳĮȡȝȠȖȒȢ 
ĲȘȢ İʌȓʌİįȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ (plane strain analysis) ȩʌȠȣ 0,, zzyyxx zVVV  țĮȚ  

0,0, zzyyxx  HzHH    . Ǿ İțĲȩȢ İʌȚʌȑįȠȣ ĲȐıȘ  zzV  ʌȡȠıİȖȖȓȗİĲĮȚ Įʌȩ ĲȘȞ ıȤȑıȘ 

)(
2
1

yyxxzz V�V#V  (3.58)

 
īȚĮ țȐșİ ȝȚĮ Įʌȩ ĲȚȢ ĮȞĮȜȣĲȚțȑȢ ʌİȡȚʌĲȫıİȚȢ İĳĮȡȝȩıșȘțĮȞ ĲȐıİȚȢ ʌİįȓȠȣ ʌȠȣ 

ĮȞĲȚıĲȠȚȤȠȪȞ ıİ  6.0k  țĮȚ 2.1 .  
ȉĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ ʌȡȠıȠȝȠȚȫȞȠȞĲĮȚ ȝİ ȝȠȞĲȑȜĮ įȠȝȚțȫȞ ıĲȠȚȤİȓȦȞ.ȉȠ İțĲȠ-

ȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ İȚıȐȖİĲĮȚ ıĲȠ ȝȠȞĲȑȜȠ ȝİ ȡĮȕįȦĲȐ ıĲȠȚȤİȓĮ (beam elements) 
İȞȫ ĲĮ ĮȖțȪȡȚĮ ʌȡȠıȠȝȠȓȦȞȠȞĲĮȚ ȝİ ıĲȠȚȤİȓĮ țĮȜȦįȓȦȞ (cable elements). Ǿ ıȣȞİȡ-
ȖĮıȓĮ ȕȡȐȤȠȣ țĮȚ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ İʌȚĲȣȖȤȐȞİĲĮȚ ȝȑıȦ țȠȚȞȫȞ țȩȝȕȦȞ ȠȚ ȠʌȠȓȠȚ 
ȝİĲĮĳȑȡȠȣȞ įȣȞȐȝİȚȢ ĮȜȜȐ ȩȤȚ ȡȠʌȑȢ. 

ȅȚ įȚĮıĲȐıİȚȢ ĲȠȣ ȠȝȠȚȫȝĮĲȠȢ (ȈȤ. 3.12’) İȓȞĮȚ 60m (ȪȥȠȢ)x 190m (ʌȜȐĲȠȢ) ʌȠȣ 
įȚĮıĳĮȜȓȗİȚ ȑȞĮȞĲȚ ȠʌȠȚĮıįȒʌȠĲİ İʌȚįȡȐıİȦȢ ĲȦȞ ȠȡȓȦȞ. Ǿ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ȠȝȠȚ-
ȫȝĮĲȠȢ ʌİȡȚȜĮȝȕȐȞİȚ ıĲȠȚȤİȓĮ ʌȜİȣȡȐȢ 1m ıĲȚȢ ȗȫȞİȢ ȣʌȠȜȠȖȚıĲȚțȠȪ İȞįȚĮĳȑȡȠȞĲȠȢ. 

ȉĮ ȕȒȝĮĲĮ ʌȠȣ ĮțȠȜȠȣșȠȪȞĲĮȚ ıĲȘȞ țĮĲȐıĲȡȦıȘ țĮȚ ĮȞȐȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, 
İʌȚȖȡĮȝȝĮĲȚțȐ ĮȞĮĳȑȡȠȞĲĮȚ ıĲȘ ıȣȞȑȤİȚĮ. 

 
x ǼȚıĮȖȦȖȒ ȖİȦȝİĲȡȓĮȢ, ıȣȞįİıȝȠȜȠȖȓĮȢ ıĲȠȚȤİȓȦȞ țĮȚ ȠȡȚĮțȫȞ ıȣȞșȘțȫȞ 

ʌȡȠıȠȝȠȚȫȝĮĲȠȢ 
x ǼȚıĮȖȦȖȒ ȚįȚȠĲȒĲȦȞ ȣȜȚțȫȞ țĮȚ įȚĮĲȠȝȫȞ ıĲȠȚȤİȓȦȞ ȣʌȠıĲȪȜȦıȘȢ 
x ȆȡȠıȠȝȠȓȦıȘ ĲȘȢ İțıțĮĳȒȢ Ȓ ĲȦȞ ĳȐıİȦȞ İțıțĮĳȒȢ ıİ ȕȒȝĮĲĮ, ȩʌȠȣ Ș țȐșİ 

ĳȐıȘ İʌȓȜȣıȘȢ ıĲȘȡȓȗİĲĮȚ ıĲĮ ĮʌȠĲİȜȑıȝĮĲĮ (ĲȐıİȚȢ-ʌĮȡĮȝȠȡĳȫıİȚȢ) ĲȘȢ 
ʌȡȠȘȖȠȪȝİȞȘȢ İʌȓȜȣıȘȢ (ĳȐıȘȢ İțıțĮĳȒȢ). 

x ǼʌȚȜİțĲȚțȒ İȟĮȖȦȖȒ ĮʌȠĲİȜİıȝȐĲȦȞ (İȞĲĮĲȚțȫȞ ȝİȖİșȫȞ, ʌĮȡĮȝȠȡĳȫıİȦȞ, 
ȝİĲĮĲȠʌȓıİȦȞ ț.Ȝ.ʌ.) - ǻȚĮȖȡȐȝȝĮĲĮ İȞĲĮĲȚțȫȞ ȝİȖİșȫȞ țĮȚ ʌĮȡĮȝȠȡĳȫıİȦȞ 
ĳȠȡȑĮ. 

 
ȈȤ. 3.12’. īİȦȝİĲȡȚțȩ ȝȠȞĲȑȜȠ İʌȓȜȣıȘȢ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ (FLAC2D) 
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ȆĮȡȐįİȚȖȝĮ: ȉĮ įİįȠȝȑȞĮ ĲȦȞ ĳȣıȚțȫȞ țĮȚ ȝȘȤĮȞȚțȫȞ ȚįȚȠĲȒĲȦȞ ȕȡĮȤȠȝȐȗĮȢ (ȚıȠ-
įȪȞĮȝȠ ıȣȞİȤȑȢ ȝȑıȠ) ʌȠȣ İĳĮȡȝȩıșȘțĮȞ ıĲȚȢ ĮȞĮȜȪıİȚȢ ȑȤȠȣȞ ȒįȘ įȠșİȓ ıĲȠȞ ȆȓȞ. 
3.2 țĮȚ İʌĮȞĮȜĮȝȕȐȞȠȞĲĮȚ İįȫ: 
 
ȆȓȞ. 3.3’ 
 

ȀĮĲȘȖȠȡȓĮ ǿįȚȩĲȘĲİȢ ǿ ǿǿ ǿǿǿa ǿIIb 
E (MPa) 10000 8000 3000 1500 
Ȟ 0,2 0,2 0,2 0,2 
c (MPa) 0,5 0,3 0,2 0,15 
ĳ (Ƞ) 48 40 35 30 
Ȗ (MPa/m) 0.025 0.025 0.025 0.025 

 
 

EʌȓıȘȢ ȠȚ ȚįȚȩĲȘĲİȢ ĲȦȞ ĲȦȞ įȚĮĳȩȡȦȞ ıĲȠȚȤİȓȦȞ ȣʌȠıĲȪȜȦıȘȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȒ-
șȘțĮȞ ıĲȘȞ ĮȞȐȜȣıȘ FLAC İȓȞĮȚ ȠȚ ʌĮȡĮțȐĲȦ: 

 
x ȆȜȒȡȦȢ ĲıȚȝİȞĲȦȝȑȞȠȚ ȡȐȕįȠȚ ĮȖțȪȡȦıȘȢ: 

 
m/m/MN 8000Kb   (ǹțĮȝȥȓĮ ĮȖțȣȡȓȠȣ) 

m/MN 02,0Sb   (ĭȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ İʌĮĳȒȢ ȕȡȐȤȠȣ/ĮȖțȣȡȓȠȣ) 
m/MN 1,0Y   (ȅȡȚȠ įȚĮȡȡȠȒȢ) 

 
(ȅȚ ʌĮȡĮʌȐȞȦ ĲȚȝȑȢ İȚıȐȖȠȞĲĮȚ ıĲȠ FLAC ĮĳȠȪ įȚĮȚȡİșȠȪȞ ȝİ ĲȘȞ ĮʌȩıĲĮıȘ İʌĮȞȐ-
ȜȘȥȘȢ țĮĲȐ ȝȒțȠȢ ĲȠȣ ȐȟȠȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ) 
 
ȅȚ ĲȚȝȑȢ ĮȣĲȑȢ ʌȡȠȑțȣȥĮȞ ȦȢ İȟȒȢ: 
 
ȉȠ bbond KK   ĲȠ ȠʌȠȓȠ ĮȞĮĳȑȡİĲĮȚ ıĲȘȞ ȕȚȕȜȚȠȖȡĮĳȓĮ ıİ ĮȖȖȜȚțȠȪȢ ȩȡȠȣȢ ȦȢ 
“grout shear stiffness” țĮȚ ĮʌȠįȩșȘțİ ȦȢ “ĮțĮȝȥȓĮ ĮȖțȣȡȓȠȣ” ʌȡȠıįȚȠȡȓıșȘțİ Įʌȩ 
ĲȘ ıȤȑıȘ (FLAC Manual –Chapter:Theory and Background, 5-34) 

¸
¹
·

¨
©
§ �

S
 

D
t21ln10

G2Kb  
(3.59)

 
ȩʌȠȣ G : ȝȑĲȡȠ įȚȐĲȝȘıȘȢ ĲȠȣ İȞȑȝĮĲȠȢ (ȖȚĮ ȜȩȖȠ ĲıȚȝȑȞĲȠȣ:ȞİȡȠȪ 4:10 
� GPa5G   ), D: įȚȐȝİĲȡoȢ ıĲİȜȑȤȠȣȢ=25 mm țĮȚ t: ʌȐȤȠȢ įĮțĲȣȜȓȠȣ =6 mm.  Ȃİ 
ĲĮ ʌĮȡĮʌȐȞȦ įİįȠȝȑȞĮ ʌȡȠțȪʌĲİȚ m/m/MN8000Kb   . ȉȠ bbond SS   ĲȠ ȠʌȠȓȠ 
ĮȞĮĳȑȡİĲĮȚ ıĲȘȞ ȕȚȕȜȚȠȖȡĮĳȓĮ ıİ ĮȖȖȜȚțȠȪȢ ȩȡȠȣȢ ȦȢ “intrinsic shear strength” țĮȚ 
ĮʌȠįȩșȘțİ ȦȢ “ĭȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ İʌĮĳȒȢ ȕȡȐȤȠȣ / ĮȖțȣȡȓȠȣ” įȓȞİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ 
(FLAC Manual –Chapter:Theory and Background, 5-34) 

� � peakb t2DS W�S   (3.60)

 
ȩʌȠȣ 1W  Ș įȚĮĲȝȘĲȚțȒ ĮȞĲȠȤȒ ĲȠȣ ĮıșİȞȑıĲİȡȠȣ ȝİĲĮȟȪ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ țĮȚ ĲȠȣ 
İȞȑȝĮĲȠȢ. ȈĲȘȞ ıȣȖțİțȡȚȝȑȞȘ ʌİȡȓʌĲȦıȘ ʌȡȩțİȚĲĮȚ ȖȚĮ ĲȘȞ ĮȞĲȠȤȒ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ, 
įȘȜĮįȒ MPa 2,01  W . Ȃİ ĲĮ ʌĮȡĮʌȐȞȦ įİįȠȝȑȞĮ ʌȡȠțȪʌĲİȚ mMNSb / 02,0 . 
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x ǼțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ: 
 

MPaE  18000  (ȚȞȠʌȜȚıȝȑȞȠ) 
25,0 Q  
 

Ǿ ĲȚȝȒ ĲȠȣ ȝȑĲȡȠȣ ǼȜĮıĲȚțȩĲȘĲĮȢ ĲȠȣ ȚıȠįȪȞĮȝȠȣ ȣȜȚțȠȪ (İțĲȠȟİȣȩȝİȞȠ 
ıțȣȡȩįİȝĮ + ȓȞİȢ) ʌȡȠȑțȣȥİ Įʌȩ ĲȘȞ ĲȚȝȒ ĲȠȣ ȝȑĲȡȠȣ ǼȜĮıĲȚțȩĲȘĲĮȢ ʌȠȣ ʌȡȠĲİȓȞȠȣȞ 
ȠȚ  E. Hoek & E. T. Brown ȖȚĮ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ 24 ȦȡȫȞ, Ǽ24ȦȡȫȞ=16000 
ȂPĮ ʌȡȠıĮȣȟȘȝȑȞȠ țĮĲȐ 12,5%. ȉȠ ıȪıĲȘȝĮ ȝȠȡĳȠȤȐȜȣȕĮ – İțĲȠȟİȣȩȝİȞȠȣ 
ıțȣȡȠįȑȝĮĲȠȢ ȖȚĮ ĲȘȞ țĮĲȘȖȠȡȓĮ ǿǿǿb ĮȞĲȚȝİĲȦʌȓȗİĲĮȚ ȝİ ĲȘ ȜȠȖȚțȒ ĲȦȞ ıȪȝȝȚțĲȦȞ 
įȚĮĲȠȝȫȞ 

� � GPa20
25,0

2000043,0180043.025,0
FF

EFEFE
HEBshot

HEBHEBshotshot  |
����

 
�

���
  (3.61)

 

ǼȣıĲȐșİȚĮ ȈȒȡĮȖȖĮȢ ȋȦȡȓȢ ȂȑĲȡĮ ȊʌȠıĲȪȜȦıȘȢ - ǹʌȠĲİȜȑıȝĮĲĮ ǹȞĮȜȪıİȦȞ FLAC  
 

ȈĲȘ ĳȐıȘ ĮȣĲȒ ĲȘȢ ĮȞȐȜȣıȘȢ ȝİȜİĲȒșȘțİ Ș İȣıĲȐșİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ ȝİ ĮȞȣʌȠıĲȒ-
ȡȚțĲȘ įȚĮĲȠȝȒ (ȖȚĮ ĲȠ ıȪȞȠȜȠ ĲȘȢ ʌİĲĮȜȠİȚįȠȪȢ įȚĮĲȠȝȒȢ) țĮȚ țĮĲĮıțİȣȐıșȘțİ Ș 
ȀĮȝʌȪȜȘ ǹȞĲȓįȡĮıȘȢ ȆİĲȡȫȝĮĲȠȢ ȖȚĮ ĲȚȢ țĮĲȘȖȠȡȓİȢ ǿ, ǿǿ, ǿǿǿa țĮȚ ǿǿǿb. ȈȣȖțİțȡȚȝȑ-
ȞĮ ȝİȚȫȞȠȞĲĮȢ ıĲĮįȚĮțȐ ĲȚȢ İʌȚĳĮȞİȚĮțȑȢ ĲȐıİȚȢ (ȝİ ȕȒȝĮ Ȝ=20%) ȖȚĮ ĲȠ ıȪȞȠȜȠ ĲȘȢ 
įȚĮĲȠȝȒȢ ĲȘȢ ʌİĲĮȜȠİȚįȠȪȢ ıȒȡĮȖȖĮȢ țĮȚ țĮĲĮȖȡȐĳȠȞĲĮȢ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ ıȣȖțȜȓıİȚȢ 
țĮĲĮıțİȣȐıșȘțĮȞ ȠȚ țĮȝʌȪȜİȢ ĮȞĲȓįȡĮıȘȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ȖȚĮ İȜĮıĲȚțȩ țĮȚ İȜĮıĲȠ-
ʌȜĮıĲȚțȩ ȝȑıȠ.  

ǼȖȚȞİ ʌĮȡĮȝİĲȡȚțȒ ĮȞȐȜȣıȘ ȖȚĮ 2,16,0ko �  țĮȚ ȣʌȠȜȠȖȓıșȘțĮȞ ȖȚĮ țȐșİ țĮĲȘ-
ȖȠȡȓĮ ĲĮ ȝİȖȑșȘ crP  (țȡȓıȚȝȘ ĲȐıȘ ȩʌȠȣ ȑȤȠȣȝİ ȝİĲȐȕĮıȘ Įʌȩ ĲȘȞ İȜĮıĲȚțȒ ıĲȘȞ 
ʌȜĮıĲȚțȒ ʌİȡȚȠȤȒ), maxyu  țĮȚ maxxu  (ȝȑȖȚıĲȘ țĮĲĮțȩȡȣĳȘ țĮȚ ȠȡȚȗȩȞĲȚĮ  ȝİĲĮĲȩ-

ʌȚıȘ), eu  (İȜĮıĲȚțȒ ȝİĲĮĲȩʌȚıȘ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȘȞ ȑȞĮȡȟȘ ĲȘȢ ʌȜĮıĲȚțȠʌȠȓȘıȘȢ 
ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ) țĮȚ pr  (ĮțĲȓȞĮ ʌȜĮıĲȚțȠʌȠȚȘȝȑȞȘȢ ȗȫȞȘȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ȖȚĮ ĮȞȣ-
ʌȠıĲȒȡȚțĲȘ įȚĮĲȠȝȒ).  

ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ĮȞĮȜȪıİȦȞ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȝİ ĲȘ ȝȠȡĳȒ ȖȡĮĳȚțȫȞ ıĲȠ ȆĮ-
ȡȐȡĲȘȝĮ A. ȉĮ țȪȡȚĮ ĮȡȚșȝȘĲȚțȐ ĮʌȠĲİȜȑıȝĮĲĮ įȓįȠȞĲĮȚ ıĲȠȞ ȆȓȞĮțĮ 3.4’ țĮȚ ȠȚ 
ȤĮȡĮțĲȘȡȚıĲȚțȑȢ țĮȝʌȪȜİȢ ĮȞĲȓįȡĮıȘȢ ʌİĲȡȫȝĮĲȠȢ įȓȞȠȞĲĮȚ ıĲĮ ȈȤ. 3.13’ țĮȚ 3.14’, 
ȖȚĮ 6,0ko   țĮȚ 2,1 , ĮȞĲȓıĲȠȚȤĮ. ȉȑȜȠȢ, ıĲĮ ȈȤ. 3.15’ țĮȚ 3.16’ ʌĮȡȠȣıȚȐȗİĲĮȚ Ș 
ıȪȖțȜȚıȘ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ ȝİ ȕȐıȘ ĲȘȞ ʌȡȠıȑȖȖȚıȘ ĲȘȢ 
ıȤȑıȘȢ (3.27) ȖȚĮ ĲȚȢ țĮĲȘȖȠȡȓİȢ ǿ, ǿǿ, ǿǿǿa țĮȚ ǿIIb țĮȚ ȖȚĮ 6,0 ok  țĮȚ 2,1 .   
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ȆȓȞĮțĮȢ 3.4’ ǹʌȠĲİȜȑıȝĮĲĮ ĮȞĮȜȪıİȦȞ FLAC ȖȚĮ ıȒȡĮȖȖĮ ȤȦȡȓȢ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ țĮȚ 
ȖȚĮ įȚȐĳȠȡİȢ țĮĲȘȖȠȡȓİȢ 
 
ȀĮĲȘȖȠȡȓĮ ȈȣȞĲİȜİıĲȒȢ ǹʌȠĲİȜȑıȝĮĲĮ ǹȞȐȜȣıȘȢ  

 ko uy (max) ux  (max) Pcr ue rp 

  mm mm MPa mm m 
ǿ 0,6 2,2 0,5 - - - 
 1,2 1,7 1,8 - - - 
ǿǿ 0,6 3,1 1 0,2 1,8 ~1,5 ĲȠȚȤȫȝĮĲĮ 

 1,2 2,7 2,5 0,2 1,8 ~1 ȠȡȠĳȒ 
~1 ĲȠȚȤȫȝĮĲĮ 

ǿǿǿa 0,6 10,8 5,9 0,72 4,2 ~4,0 ĲȠȚȤȫȝĮĲĮ 

 1,2 11,4 10,4 0,46 4,2 ~3 ȠȡȠĳȒ 
~2 ĲȠȚȤȫȝĮĲĮ 

ǿIIb 0,6 31,3 24,8 0,9 7,0 ~3 ȠȡȠĳȒ 
~6 ĲȠȚȤȫȝĮĲĮ 

 1,2 41,8 34,3 0,7 6,6 ~7 ȠȡȠĳȒ 
~5 ĲȠȚȤȫȝĮĲĮ 

 
 

Aʌȩ ĲȚȢ ĮȞĮȜȪıİȚȢ FLAC ȖȚĮ ĮȞȣʌȠıĲȒȡȚțĲȘ įȚĮĲȠȝȒ ʌȡȠȑțȣȥĮȞ ĲĮ ĮțȩȜȠȣșĮ: 
 
x H İȣıĲȐșİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ ıİ țĮĲȘȖȠȡȓĮ įȚĮĲȠȝȒȢ ǿ, ʌȡȠȕȜȑʌİĲĮȚ ȦȢ 

ȚțĮȞȠʌȠȚȘĲȚțȒ. ȉĮ ȝİȖȑșȘ ĲȦȞ ıȣȖțȜȓıİȦȞ İȓȞĮȚ ȤĮȝȘȜȐ. 
x H İȣıĲȐșİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ ıİ țĮĲȘȖȠȡȓĮ įȚĮĲȠȝȒȢ ǿǿ, ʌȡȠȕȜȑʌİĲĮȚ ȦȢ ȝȑĲȡȚĮ 

țĮșȫȢ ĲĮ ȝİȖȑșȘ ĲȦȞ ıȣȖțȜȓıİȦȞ ʌĮȡĮȝȑȞȠȣȞ ȤĮȝȘȜȐ ĮȜȜȐ ȑȤȠȣȝİ 
ʌİȡȚȠȡȚıȝȑȞȘ İȝĳȐȞȚıȘ ʌȜĮıĲȚțȠʌȠȚȘȝȑȞȘȢ ȗȫȞȘȢ.   

x H İȣıĲȐșİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ ıİ țĮĲȘȖȠȡȓİȢ įȚĮĲȠȝȒȢ ǿǿǿa, ʌȡȠȕȜȑʌİĲĮȚ ȩĲȚ șĮ 
İȓȞĮȚ ȠȡȚĮțȒ ȦȢ țȡȓıȚȝȘ. Ǿ İțĲȓȝȘıȘ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ įȘȝȚȠȣȡȖȓĮ 
İțĲİĲĮȝȑȞȘȢ ʌȜĮıĲȚțȒȢ ȗȫȞȘȢ țĮȚ ĲȚȢ ȝİĲȡȓȠȣ ȝİȖȑșȠȣȢ ıȣȖțȜȓıİȚȢ.     

x H İȣıĲȐșİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ ıİ țĮĲȘȖȠȡȓİȢ įȚĮĲȠȝȒȢ ǿǿǿb, ʌȡȠȕȜȑʌİĲĮȚ ȩĲȚ șĮ 
İȓȞĮȚ țȡȓıȚȝȘ. Ǿ İțĲȓȝȘıȘ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ įȘȝȚȠȣȡȖȓĮ ʌȠȜȪ İțĲİĲĮȝȑȞȘȢ 
ʌȜĮıĲȚțȒȢ ȗȫȞȘȢ țĮȚ ĲȚȢ ıȘȝĮȞĲȚțȑȢ ıȣȖțȜȓıİȚȢ.  

x H ĲȚȝȒ ĲȠȣ ok įİȞ ȑȤİȚ ıȘȝĮıȓĮ ıĲȚȢ țĮĲȘȖȠȡȓİȢ ǿ țĮȚ ǿǿ, ȑȤİȚ ȝȚțȡȒ İʌȓįȡĮıȘ 
ıĲȘ ıȣȝʌİȡȚĳȠȡȐ ıĲȘȞ țĮĲȘȖȠȡȓĮ ǿǿǿa țĮȚ ȝȑĲȡȚĮ ıĲȘȞ țĮĲȘȖȠȡȓĮ ǿǿǿb, ȝİ 
įȣıȝİȞȑıĲİȡȘ ȖȚĮ ȣȥȘȜȩ ok . 

 



ȀİĳȐȜĮȚȠ 4Ƞ  91

 
 
ȈȤ. 3.13’. ȀĮȝʌȪȜȘ ǹȞĲȓįȡĮıȘȢ  ȆİĲȡȫȝĮĲȠȢ ȖȚĮ İȜĮıĲȚțȩ țĮȚ İȜĮıĲȠʌȜĮıĲȚțȩ ȝȑıȠ 
(ʌİȡȓʌĲȦıȘ ĮȞȣʌȠıĲȪȜȦĲȘȢ įȚĮĲȠȝȒȢ, ȖȚĮ ĲȚȢ țĮĲȘȖȠȡȓĮȢ įȚĮĲȠȝȫȞ ǿ, ǿǿ, IIIa, IIIb țĮȚ 
ȖȚĮ 6,0 ok )  

 

 
 
ȈȤ. 3.14’. ȀĮȝʌȪȜȘ ǹȞĲȓįȡĮıȘȢ  ȆİĲȡȫȝĮĲȠȢ ȖȚĮ İȜĮıĲȚțȩ țĮȚ İȜĮıĲȠʌȜĮıĲȚțȩ ȝȑıȠ   ȖȚĮ 
ĲȚȢ țĮĲȘȖȠȡȓİȢ įȚĮĲȠȝȫȞ ǿ, ǿǿ, IIIa, IIIb țĮȚ ȖȚĮ 2,1 ok ) 
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Displacement as a function of distance from the face
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ȈȤ. 3.15’. ȈȪȖțȜȚıȘ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ ȖȚĮ ĲȚȢ țĮĲȘȖȠȡȓİȢ ǿ, ǿǿ, 
ǿǿǿa, IIIb (ıȪȝĳȦȞĮ ȝİ ĲȘ ıȤȑıȘ (3)) țĮȚ ȖȚĮ 6,0 ok  
 

Displacement as a function of distance from the face
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ȈȤ. 3.16’. ȈȪȖțȜȚıȘ ȦȢ ıȣȞȐȡĲȘıȘ ĲȘȢ ĮʌȩıĲĮıȘȢ Įʌȩ ĲȠ ȝȑĲȦʌȠ ȖȚĮ ĲȚȢ țĮĲȘȖȠȡȓİȢ ǿ, ǿǿ, 
ǿǿǿa, IIIb (ıȪȝĳȦȞĮ ȝİ ĲȘ ıȤȑıȘ (3)) țĮȚ ȖȚĮ 2,1ko    
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ǻȚĮıĲĮıȚȠȜȩȖȘıȘ țĮȚ ǼȜİȖȤȠȚ ȆȡȠıȦȡȚȞȒȢ ǼʌȑȞįȣıȘȢ 
 
ȀȡȚĲȒȡȚĮ ǼʌȚȜȠȖȒȢ țĮȚ ǼȜȑȖȤȠȣ ǼʌȐȡțİȚĮȢ 
 

ȍȢ țȡȚĲȒȡȚĮ İʌȚȜȠȖȒȢ ĲȦȞ ıȣıĲȘȝȐĲȦȞ ȣʌȠıĲȪȜȦıȘȢ ȝʌȠȡȠȪȞ ȞĮ ʌȡȠįȚĮȖȡĮĳȠȪȞ 
ĲĮ ĮțȩȜȠȣșĮ: 

 
- Ǿ ȑȖțĮȚȡȘ ıĲĮșİȡȠʌȠȓȘıȘ ĲȘȢ įȚĮĲȠȝȒȢ ĲȘȢ İțıțĮĳȒȢ  
- ȅ ȑȜİȖȤȠȢ ĲȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ ıĲȘȞ ʌİȡȚȠȤȒ ĲȘȢ 

İțıțĮĳȒȢ ȝİ ıĲȩȤȠ ĲȘȞ İȜĮȤȚıĲȠʌȠȓȘıȘ ĲȦȞ įȚĮĲĮȡȐȟİȦȞ, ȣʌİțıțĮĳȫȞ, 
țȜʌ. 

- Ǿ İȞİȡȖȠʌȠȓȘıȘ țĮȚ įȚĮĲȒȡȘıȘ ĲȦȞ İȖȖİȞȫȞ ȝȘȤĮȞȚțȫȞ ȤĮȡĮțĲȘȡȚıĲȚțȫȞ 
ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ, ȫıĲİ ȞĮ ĮȟȚȠʌȠȚȘșİȓ Ș ȚțĮȞȩĲȘĲĮ ĲȘȢ ȞĮ ĮȣĲȠĳȑȡİĲĮȚ. 

- Ǿ ʌȡȠıĲĮıȓĮ ĲȦȞ İȡȖĮȗȠȝȑȞȦȞ țĮȚ Ș ĮʌȡȩıțȠʌĲȘ İțĲȑȜİıȘ ĲȦȞ 
İȡȖĮıȚȫȞ. 

 
īȚĮ ĲȘȞ İʌȚȜȠȖȒ ĲȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ țĮȚ įȚĮıĲĮıȚȠȜȩȖȘıȘȢ ĲȘȢ ʌȡȠıȦȡȚȞȒȢ 

İʌȑȞįȣıȘȢ ĲȘȢ ıȒȡĮȖȖĮȢ ıȣȞȒșȦȢ ȜĮȝȕȐȞȠȞĲĮȚ ȣʌȩȥȘ: 
 

- ȅȚ ʌȡȠȕȜȑȥİȚȢ ĲȦȞ İȝʌİȚȡȚțȫȞ ıȣıĲȘȝȐĲȦȞ Ǻieniawski țĮȚ Barton  
- ȅȚ ĮȞĮȜȪıİȚȢ İȣıĲȐșİȚĮȢ ȝİ ĲȘ ȝȑșȠįȠ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ 
- ȅȚ ʌȡȠȕȜȑȥİȚȢ ĲȦȞ “ȉİȤȞȚțȫȞ ȆȡȠįȚĮȖȡĮĳȫȞ” ĲȘȢ ıȪȝȕĮıȘȢ ĲȠȣ 

İȖțĮĲİıĲȘȝȑȞȠȣ ǹȞĮįȩȤȠȣ 
- ǼȝʌİȚȡȓİȢ Įʌȩ ȐȜȜĮ ʌĮȡȩȝȠȚĮ ȑȡȖĮ 

 
ȍȢ țȡȚĲȒȡȚĮ ĮʌȠįİțĲȒȢ İʌȐȡțİȚĮȢ ĲȦȞ ʌȡȠĲİȚȞȩȝİȞȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ șİȦ-

ȡȠȪȞĲĮȚ ĲĮ ĮțȩȜȠȣșĮ: 
 

- Ǿ țĮĲĮʌȩȞȘıȘ ĲȦȞ ıĲȠȚȤİȓȦȞ ȣʌȠıĲȪȜȦıȘȢ įİȞ șĮ ʌȡȑʌİȚ ȞĮ ȣʌİȡȕĮȓȞİȚ 
ĲĮ ȩȡȚĮ ĲȘȢ ĳȑȡȠȣıĮȢ ȚțĮȞȩĲȘĲĮ ĲȠȣȢ. 

- Ǿ  ȗȫȞȘ ʌȜĮıĲȚțȫȞ ʌĮȡĮȝȠȡĳȫıİȦȞ șĮ ʌȡȑʌİȚ ȞĮ İȓȞĮȚ ʌİȡȚȠȡȚıȝȑȞȘ. 
 

ȅ ȑȜİȖȤȠȢ ĲȦȞ ʌȡȠĲİȚȞȩȝİȞȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ĲȩıȠ ȝİ ĲȘ 
ȝȑșȠįȠ ĲȦȞ ĮțĮȝȥȚȫȞ ȩıȠ țĮȚ ȝİ ĲȘ ȝȑșȠįȠ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ (FLAC). 
ȀĮȚ ıĲȚȢ įȪȠ ȝİșȩįȠȣȢ ȖȓȞȠȞĲĮȚ ʌĮȡĮȝİĲȡȚțȑȢ ĮȞĮȜȪıİȚȢ ȖȚĮ įȚĮĳȠȡİĲȚțȑȢ ʌȠıȩĲȘĲİȢ 
țĮȚ İȓįȘ  ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ țĮȚ ĲİȜȚțȐ ʌȡȠĲȐșȘțĮȞ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ ʌȠȣ 
ĮțȠȜȠȣșȠȪȞ. 
 

 ȂȑșȠįȠȢ ĲȦȞ ǹțĮȝȥȚȫȞ 
 

ȊʌȠșȑĲȠȞĲĮȢ ȩĲȚ ȚıȤȪİȚ Ș ĮȡȤȒ ĲȘȢ İʌĮȜȜȘȜȓĮȢ ȖȚĮ ĲȠȣȢ įȚȐĳȠȡȠȣȢ ĲȪʌȠȣȢ ȣʌȠıĲȪ-
ȜȦıȘȢ İȓȞĮȚ įȣȞĮĲȒ Ș ʌȡȩȕȜİȥȘ ĲȘȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȘȢ ıȣȞįȣĮıȝȑȞȘȢ įȡȐıȘȢ ĲȠȣȢ. 
ȂȚĮ İȚțȩȞĮ ĲȘȢ ĮȜȜȘȜİʌȓįȡĮıȘȢ ȕȡĮȤȠȝȐȗĮȢ țĮȚ ıȣıĲȒȝĮĲȠȢ ȣʌȠıĲȪȜȦıȘȢ ĮʌȠțĲȐ-
ĲĮȚ ȩĲĮȞ ȠȚ ĮȞĲȓıĲȠȚȤİȢ țĮȝʌȪȜİȢ ıȤİįȚĮıșȠȪȞ ıĲȠ įȚȐȖȡĮȝȝĮ ĲȘȢ ȀĮȝʌȪȜȘȢ ǹȞĲȓ-
įȡĮıȘȢ ȆİĲȡȫȝĮĲȠȢ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ Ș țĮȝʌȪȜȘ ȣʌȠıĲȒȡȚȟȘȢ ĲȑȝȞİȚ ĲȘȞ țĮȝʌȪ-
ȜȘ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ ĮȣĲȩ ıȘȝĮȓȞİȚ ȩĲȚ Įʌȩ ĲȠ ıȘȝİȓȠ ĮȣĲȩ țĮȚ ȝİĲȐ Ș ȣʌȠıĲȪȜȦıȘ 
ȜİȚĲȠȣȡȖİȓ ʌĮȡȑȤȠȞĲĮȢ ȣʌȠıĲȒȡȚȟȘ ıĲȘ ȕȡĮȤȠȝȐȗĮ. ǹȞȣʌĮȡȟȓĮ ıȘȝİȓȠȣ ĲȠȝȒȢ ĲȦȞ 
țĮȝʌȣȜȫȞ ȣʌȠįȘȜȫȞİȚ ĮȞİʌȐȡțİȚĮ ĲȦȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ. 
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ǼĲıȚ, ı’ ĮȣĲȒ ĲȘ ĳȐıȘ ĲȘȢ ĮȞȐȜȣıȘȢ ȣʌȠȜȠȖȓȗȠȞĲĮȚ Ș ĮțĮȝȥȓĮ iK  țĮȚ Ș ȝȑȖȚıĲȘ 

ʌȡȠıĳİȡȩȝİȞȘ ĮȞĲȓįȡĮıȘ max
siP  Įʌȩ țȐșİ ĲȪʌȠ ȣʌȠıĲȪȜȦıȘȢ Įʌȩ ĮȞĮȜȣĲȚțȑȢ 

ıȤȑıİȚȢ țȜİȚıĲȠȪ ĲȪʌȠȣ ʌȠȣ ʌĮȡĮĲȓșİȞĲĮȚ ıĲȘ ıȣȞȑȤİȚĮ ȖȚĮ țȐșİ ȝȑĲȡȠ ȣʌȠıĲȪȜȦıȘȢ 
 

ǼțĲȠȟİȣȩȝİȞȠ ȈțȣȡȩįİȝĮ 
 

ȉȠ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ İȣȡȑȦȢ ȖȚĮ ĲȘȞ ıĲĮșİȡȠʌȠȓȘıȘ ıȘ-
ȡȐȖȖȦȞ ıİ ʌİĲȡȫȝĮĲĮ ʌȠȣ İȟȠȡȪııȠȞĲĮȚ ȝİ įȚȐĲȡȘıȘ – ĮȞĮĲȓȞĮȟȘ Ȓ ȝİ İțıțĮĳİȓȢ 
ĲȪʌȠȣ ȝʌȠȪȝĮȢ. ȉȠ ʌȜİȠȞȑțĲȘȝĮ ĲȠȣ İȓȞĮȚ ȩĲȚ ȝʌȠȡİȓ ȞĮ ȣʌȠıĲȘȡȓȟİȚ ĲȘ ıȒȡĮȖȖĮ 
ıĲȘȞ ĮȡȤȚțȒ ĳȐıȘ ĲȘȢ ȩȡȣȟȘȢ ĲȘȢ ıİ ʌİĲȡȫȝĮĲĮ ȝİ ȝȚțȡȩ ȤȡȩȞȠ ĮȣĲȠȨʌȠıĲȒȡȚȟȘȢ. 
ǼȓȞĮȚ ʌȠȜȪ įȪıțȠȜȘ Ș İĳĮȡȝȠȖȒ ĮȣĲȒȢ ĲȘȢ ȝİșȩįȠȣ (ȈȤ. 3.17’) ȩĲĮȞ Ș İȟȩȡȣȟȘ 
ȖȓȞİĲĮȚ ȝİ ȝȘȤȐȞȘȝĮ ȠȜȠȝİĲȫʌȠȣ țȠʌȒȢ įȚȩĲȚ ĲĮ ȝȘȤĮȞȒȝĮĲĮ ĮȣĲȐ țĮĲĮȜĮȝȕȐȞȠȣȞ 
ȝİȖȐȜȠ ĲȝȒȝĮ ĲȘȢ įȚĮĲȠȝȒȢ țĮȚ ĮțȩȝĮ ıĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ İțĲȩȟİȣ-
ıȘ Ș ĮȞĮʌȒįȘıȘ ĲȠȣ ıțȣȡȠįȑȝĮĲȠȢ ıĲĮ ĲȠȚȤȫȝĮĲĮ ĲȘȢ İțıțĮĳȒȢ șĮ «ȜİȡȫıİȚ» ĲȠ 
ȝȘȤȐȞȘȝĮ. Ǿ İʌȚĳĮȞİȚĮțȒ ıĲȡȫıȘ ĲȠȣ ıțȣȡȠįȑȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ ʌİȡȚȑȤİȚ ıȣȡȝĮĲȩ-
ʌȜİȖȝĮ ȖȚĮ ȞĮ ʌȡȠıįȫıİȚ ȠȜțȚȝȩĲȘĲĮ ı’ĮȣĲȩ ȝİ ĲȘȞ ʌȐȡȠįȠ ĲȠȣ ȤȡȩȞȠȣ. ǼȞĮȜȜĮțĲȚ-
țȐ, ĲȠ ȚȞȠʌȜȚıȝȑȞȠ ıțȣȡȩįİȝĮ ʌȠȣ ʌİȡȚȑȤİȚ ĲȣȤĮȓȦȢ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞİȢ ȤĮȜȪȕįȚȞİȢ 
Ȓ ıȣȞșİĲȚțȑȢ ȓȞİȢ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ıĲȚȢ ʌİȡȚʌĲȫıİȚȢ İțİȓȞİȢ ʌȠȣ İȓȞĮȚ İʌȚșȣȝȘĲȒ Ș 
ıĲȠȚȕĮȡȩĲȘĲĮ țĮȚ Ș ȠȜțȚȝȩĲȘĲĮ. 

īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ĮțĮȝȥȓĮȢ sK  țĮȚ ĲȘȢ ȝȑȖȚıĲȘȢ ʌȡȠıĳİȡȩȝİȞȘȢ 

ĮȞĲȓįȡĮıȘȢ max
sP  ȣʌȠıĲȒȡȚȟȘȢ ıȤȒȝĮĲȠȢ įĮțĲȣȜȓȠȣ (ʌĮȡĮįȠȤȒ) (ȈȤ. 3.18’) Įʌȩ 

İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ ȜĮȝȕȐȞİĲĮȚ Ș ıȤȑıȘ (“Underground Excavations in Rock”  
E. Hoek & E. T. Brown) 
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ȩʌȠȣ 

cE : ȂȑĲȡȠ ǼȜĮıĲȚțȩĲȘĲĮȢ ĲȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ 

cQ : ȁȩȖȠȢ ĲȠȣ Poisson ĲȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ 

ct : ȆȐȤȠȢ İʌȑȞįȣıȘȢ 
R : ǼıȦĲİȡȚțȒ ĮțĲȓȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ 

ccV : ȂȠȞȠĮȟȠȞȚțȒ ĮȞĲȠȤȒ ıİ șȜȓȥȘ ĲȠȣ ıțȣȡȠįȑȝĮĲȠȢ 
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ȈȤ.3.17’. ǼțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ ȖȚĮ ʌȡȠıȦȡȚȞȒ ȣʌȠıĲȒȡȚȟȘ 
 

 
 
ȈȤ. 3.18’. ȈȤȘȝĮĲȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ įĮțĲȣȜȓȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ. 
 
 

ȉȣʌȚțȑȢ ĲȚȝȑȢ ĲȘȢ ccV țĮȚ ĲȠȣ cE  ȖȚĮ ȟȘȡȩ10 țĮȚ ȣȖȡȩ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ 
ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲȠȞ ȆȓȞ. 3.5’. ȅ ȜȩȖȠȢ Poisson ȖȚĮ ĲȠ ıțȣȡȩįİȝĮ ıȣȞȒșȦȢ ȜĮȝȕȐ-
ȞİĲĮȚ 25.0c  Q . ȉȠ ʌȐȤȠȢ ct ĲȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȘȞ 
ĲȡĮȤȪĲȘĲĮ ĲȘȢ İʌȚĳȐȞİȚĮȢ ĲȘȢ ıȒȡĮȖȖȠȢ ȝİĲȐ ĲȘȞ ĮȞĮĲȓȞĮȟȘ țĮȚ ĲȠ ȟİıțȐȡȦȝĮ. ȅĲĮȞ 
ĲȠ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ İĳĮȡȝȩȗİĲĮȚ ȦȢ ʌȡȠıȦȡȚȞȒ ȣʌȠıĲȒȡȚȟȘ ĲȠ ʌȐȤȠȢ ĲȠȣ 
țȣȝĮȓȞİĲĮȚ Įʌȩ 50 ȑȦȢ 100 mm. 
 
 
 

                                                 
10 Ǿ įȚĮĳȠȡȐ ȝİĲĮȟȪ «ȟȘȡȠȪ» țĮȚ «ȣȖȡȠȪ» ȝȓȖȝĮĲȠȢ ʌȡȠȑȡȤİĲĮȚ Įʌȩ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖȝȒ ʌȠȣ 
ʌȡȠıĲȓșİĲĮȚ ȪįȦȡ ıĲȠ ȝȓȖȝĮ ĲıȚȝȑȞĲȠȣ/ȐȝȝȠȣ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȠȣ «ȟȘȡȠȪ» ȝȓȖȝĮĲȠȢ ȑȤȠȣȝİ ĮȞȐȝȚȟȘ 
ĲıȚȝȑȞĲȠȣ țĮȚ ȐȝȝȠȣ İȞ ȟȘȡȫ țĮȚ ĲȠ ȪįȦȡ ʌȡȠıĲȓșİĲĮȚ ıĲȠ ȝȓȖȝĮ ıĲȠ ĮțȡȠĳȪıȚȠ ĲȠȣ ȝȘȤĮȞȒȝĮĲȠȢ 
ȜȚșȠȖȩȝȦıȘȢ. ȈĲȘȞ įİȪĲİȡȘ ʌİȡȓʌĲȦıȘ ĲȠ ĲıȚȝȑȞĲȠ, Ș ȐȝȝȠȢ țĮȚ ĲȠ ȪįȦȡ ĮȞĮȝȚȖȞȪȠȞĲĮȚ ĲȘȞ ȓįȚĮ 
ıĲȚȖȝȒ țĮȚ ĲȠ ȝȓȖȝĮ ĮȞĲȜȑȚĲĮȚ ıĲȠ ĮțȡȠĳȪıȚȠ ȖȚĮ ĲȘȞ ĲȠʌȠșȑĲȘıȘ ĲȘȢ ȜȚșȠȖȩȝȦıȘȢ. 
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ȆȓȞ. 3.5’. ȉȚȝȑȢ ĲȘȢ ccV  țĮȚ cE  ȖȚĮ ȟȘȡȩ țĮȚ ȣȖȡȩ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ ȝİĲȐ Įʌȩ 1 
ȘȝȑȡĮ țĮȚ 28 ȘȝȑȡİȢ (Singh and Bortz, 1975). 

 
TȪʌȠȢ ȝȓȖȝĮĲȠȢ ccV  [ȂPa] cE  [ȂPa] 

ȄȘȡȩ (1 ȘȝȑȡĮ) 20.3 13.6x103 – 23.4x103 
(28 ȘȝȑȡİȢ) 29.6 17.8x103 – 23.1x103 
ȊȖȡȩ (1 ȘȝȑȡĮ) 18.9 – 20.3 12.3x103 – 28.0x103 
(28 ȘȝȑȡİȢ) 33.3 – 39.4 23.8x103 – 35.9x103 

 
 

TȪʌȠȢ ĲıȚȝȑȞĲȠȣ ǿǿǿ, ȝȑȖȚıĲȠ ȝȑȖİșȠȢ ĮįȡĮȞȠȪȢ 13 mm, (1) ȟȘȡȩ ȝȓȖȝĮ: 17.9% 
ĲıȚȝȑȞĲȠ, 29.9 % ȤȠȞįȡȠȝİȡȑȢ ĮįȡĮȞȑȢ, 52.2 % ȐȝȝȠȢ, (2) ȣȖȡȩ ȝȓȖȝĮ: 16.7% ĲıȚȝȑ-
ȞĲȠ, 27.9 % ȤȠȞįȡȠȝİȡȑȢ ĮįȡĮȞȑȢ, 48.7 % ȐȝȝȠȢ, 6.7 % ȪįȦȡ (ĲĮ ʌȠıȠıĲȐ İțĳȡȐȗȠ-
ȞĲĮȚ ıİ İʌȓ ĲȘȢ İțĮĲȩ ĲȠȣ ıȣȞȠȜȚțȠȪ ȕȐȡȠȣȢ). 
 

ǹȖțȪȡȚĮ ǺȡȐȤȠȣ 
 

ȉĮ ıțĮȡȚĳȒȝĮĲĮ ĲȠȣ ȈȤ. 3.19’ ʌĮȡȠȣıȚȐȗȠȣȞ ȝȘȤĮȞȚțȠȪȢ țȠȤȜȓİȢ ĲȠʌȠșİĲȘȝȑȞȠȣȢ 
ıĲȘ ȝȐȗĮ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ʌȠȣ ʌİȡȚȕȐȜȜİȚ ıȒȡĮȖȖĮ țȣțȜȚțȒȢ įȚĮĲȠȝȒȢ ĮțĲȓȞĮȢ R. 
ǻİȤȩȝİȞȠȚ ȩĲȚ ȠȚ țȠȤȜȓİȢ ȚıĮʌȑȤȠȣȞ ȝİĲĮȟȪ ĲȦȞ țĮĲȐ ĲȘȞ ʌİȡȚĳȑȡİȚĮ ĲȩĲİ Ș ȝȑȖȚıĲȘ 
ʌȡȠıĳİȡȩȝİȞȘ ĮȞĲȓįȡĮıȘ max

sp  ȣʌȠıĲȒȡȚȟȘȢ Įʌȩ țȠȤȜȓİȢ ıȘȝİȚĮțȒȢ ĮȖțȪȡȦıȘȢ 
ȤȦȡȓȢ ʌȜİȣȡȚțȒ ʌȡȩıĳȣıȘ (ȈȤ. 3.20’) įȓȞİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ (“Underground 
Excavations in Rock”  E. Hoek & E. T. Brown) 

lc
bfmax

s ss
Tp   (3.64)

 
Ǿ ĮțĮȝȥȓĮ ĮʌȠįȓįİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ 
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ȩʌȠȣ 
" : ǼȜİȪșİȡȠ ȝȒțȠȢ țȠȤȜȓĮ [m] 

bd : ǻȚȐȝİĲȡȠȢ țȠȤȜȓĮ [m] 

bE : ȂȑĲȡȠ ǼȜĮıĲȚțȩĲȘĲĮȢ ĲȠȣ țȠȤȜȓĮ [MPa]  

bfT : ȅȡȚĮțȒ ĳȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ țĮĲȐ ĲȘ įȠțȚȝȒ İȟȩȜțİȣıȘȢ [MN] 

cs : ǹʌȩıĲĮıȘ ĲȦȞ țȠȤȜȚȫȞ țĮĲȐ ĲȘȞ ʌİȡȚĳȑȡİȚĮ [m] 

ls : ǹʌȩıĲĮıȘ ĲȦȞ țȠȤȜȚȫȞ țĮĲȐ ĲȠȞ ȐȟȠȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ [m] 
Q : ȈĲĮșİȡȐ įȪȞĮȝȘȢ-ȝȒțȣȞıȘȢ ȖȚĮ ĲȠ ĮȖțȪȡȚȠ țĮȚ ĲȘ țİĳĮȜȒ [m/MN] 
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ȈȤ. 3.19’. ȂȘȤĮȞȚțȠȓ țȠȤȜȓİȢ ıȘȝİȚĮțȒȢ ĮȖțȪȡȦıȘȢ (Hoek and Brown 1980). 
 
 

Ǿ ıȤȑıȘ (3.21’) ʌȡȠȨʌȠșȑĲİȚ ȩĲȚ ȠȚ įȣȞȐȝİȚȢ ĮȞĲȓįȡĮıȘȢ ĲȠȣ țȠȤȜȓĮ ĮȞĮʌĲȪııȠ-
ȞĲĮȚ ȝȩȞȠ ıĲĮ ȐțȡĮ ĲȘȢ ȡȐȕįȠȣ, ȐȡĮ įİȞ ȝʌȠȡİȓ ȞĮ İĳĮȡȝȠıșİȓ ıĲȘȞ ʌİȡȓʌĲȦıȘ ĲȦȞ 
ĲıȚȝİȞĲȦȝȑȞȦȞ țȠȤȜȚȫȞ ıĲȠȣȢ ȠʌȠȓȠȣȢ ȠȚ įȣȞȐȝİȚȢ įȚĮȞȑȝȦȞĲĮȚ ıİ ȩȜȠ ĲȠ ȝȒțȠȢ ĲȠȣ 
ȐȟȠȞĮ ĲȠȣ țȠȤȜȓĮ. 

 

 
 
ȈȤ. 3.20’. ȆİȚȡĮȝĮĲȚțȒ țĮȝʌȪȜȘ ĳȠȡĲȓȠȣ-ȝİĲĮĲȩʌȚıȘȢ ʌȠȣ ʌȡȠȑȡȤİĲĮȚ Įʌȩ įȠțȚȝȒ İȟȩȜțȣıȘȢ 
ıİ țȠȤȜȓĮ ȝȘȤĮȞȚțȒȢ ĮȖțȪȡȦıȘȢ (Stillborg, 1994). 
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ȋĮȜȪȕįȚȞĮ ȆȜĮȓıȚĮ 
 

īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ĮțĮȝȥȓĮȢ sK  țĮȚ ĲȘȢ ȝȑȖȚıĲȘȢ ʌȡȠıĳİȡȩȝİȞȘȢ ĮȞĲȓįȡĮ-
ıȘȢ ssmxcP  ȣʌȠıĲȒȡȚȟȘȢ Įʌȩ ȤĮȜȪȕįȚȞĮ ʌȜĮȓıȚĮ ıȤȒȝĮĲȠȢ įĮțĲȣȜȓȠȣ (“Underground 
Excavations in Rock”  E. Hoek & E. T. Brown) (ȈȤ. 3.21). 
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ȩʌȠȣ 
w : ȆȜȐĲȠȢ ĲȘȢ įȚĮĲȠȝȒȢ ĲȠȣ ȤĮȜȪȕįȚȞȠȣ ĲȩȟȠȣ Ȓ ȝȒțȠȢ ĲȘȢ ʌȜİȣȡȐȢ ĲȠȣ 

ʌĮȡİȝȕȜȒȝĮĲȠȢ 
x : ȊȥȠȢ ĲȘȢ įȚĮĲȠȝȒȢ ĲȠȣ ȤĮȜȪȕįȚȞȠȣ ĲȩȟȠȣ 

sA : ǼȝȕĮįȩ ĲȘȢ įȚĮĲȠȝȒȢ ĲȠȣ ȤĮȜȪȕįȚȞȠȣ ĲȩȟȠȣ 

sI : ȇȠʌȒ ĮįȡȐȞİȚĮȢ ĲȘȢ įȚĮĲȠȝȒȢ ĲȠȣ ȤĮȜȪȕįȚȞȠȣ ĲȩȟȠȣ 

sE : ȂȑĲȡȠ Young ĲȠȣ ȤȐȜȣȕĮ 

ysV : ȉȐıȘ įȚĮȡȡȠȒȢ ĲȠȣ ȤȐȜȣȕĮ 

S : ǹʌȩıĲĮıȘ ĲȦȞ ĲȩȟȦȞ țĮĲȐ ȝȒțȠȢ ĲȠȣ ȐȟȠȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ 
T : ǾȝȓıİȚĮ ȖȦȞȓĮ ȝİĲĮȟȪ ĲȦȞ ıȘȝİȓȦȞ ıĳȒȞȦıȘȢ 
bt : ȆȐȤȠȢ ĲȠȣ ʌĮȡİȝȕȜȒȝĮĲȠȢ 

bE : ȂȑĲȡȠ Young ĲȠȣ ʌĮȡİȝȕȜȒȝĮĲȠȢ 
 

 
 
ȈȤ. 3.21’. ȈȤȘȝĮĲȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ įȚĮĲȠȝȫȞ ȤĮȜȪȕįȚȞȦȞ ʌȜĮȚıȓȦȞ.  
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ǹʌȠĲİȜȑıȝĮĲĮ ǹȞĮȜȪıİȦȞ 
 

ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ȣʌȠȜȠȖȚıȝȫȞ țĮȚ ĲĮ İȟĮȖȩȝİȞĮ ĲȠȣ İȜȑȖȤȠȣ ȖȚĮ ĲȚȢ țĮĲȘȖȠ-
ȡȓİȢ  įȚĮĲȠȝȫȞ ǿǿ, ǿǿǿa țĮȚ IIIb İțıțĮĳȒȢ țĮȚ ȣʌȠıĲȪȜȦıȘȢ, ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲĮ įȚĮ-
ȖȡȐȝȝĮĲĮ ʌȠȣ ĮțȠȜȠȣșȠȪȞ: 

 

Rock Support Interaction Analysis
Section II
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Support curve for shotcrete
Support curve for rockbolts
Total support curve

 
 ȈȤ. 3.22’. ǹȜȜȘȜİʌȓįȡĮıȘ ȊʌȠıĲȪȜȦıȘȢ țĮȚ ȆİȡȚȕȐȜȜȠȞĲȠȢ ȆİĲȡȫȝĮĲȠȢ, ȀĮĲȘȖȠȡȓĮ ǿǿ. 
 

Rock Support Interaction Analysis
Section IIIa
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ȈȤ. 3.23’. ǹȜȜȘȜİʌȓįȡĮıȘ ȊʌȠıĲȪȜȦıȘȢ țĮȚ ȆİȡȚȕȐȜȜȠȞĲȠȢ ȆİĲȡȫȝĮĲȠȢ, ȀĮĲȘȖȠȡȓĮ ǿǿǿa. 
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Rock Support Interaction Analysis 
Section IIIb
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ȈȤ. 3.24’. ǹȜȜȘȜİʌȓįȡĮıȘ ȊʌȠıĲȪȜȦıȘȢ țĮȚ ȆİȡȚȕȐȜȜȠȞĲȠȢ ȆİĲȡȫȝĮĲȠȢ, ȀĮĲȘȖȠȡȓĮ ǿǿǿb. 

 
 

īȚĮ ĲȘȞ țĮĲȘȖȠȡȓĮ ǿ ĳĮȓȞİĲĮȚ ȞĮ ȝȘȞ ʌȡȠțȪʌĲİȚ ĮȞȐȖțȘ ȐȝİıȘȢ ȣʌȠıĲȪȜȦıȘȢ. ȆĮ-
ȡȩȜĮ ĮȣĲȐ, ĲȠʌȠșİĲȠȪȞĲĮȚ țȐʌȠȚĮ İȜȐȤȚıĲĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ ıȪȝĳȦȞĮ țĮȚ ȝİ ĲȠȞ 
ȅȈȂǼȅ. 

ǹʌȩ ĲĮ įȚĮȖȡȐȝȝĮĲĮ ĮȜȜȘȜİʌȓįȡĮıȘȢ ȣʌȠıĲȪȜȦıȘȢ țĮȚ ʌİȡȚȕȐȜȜȠȞĲȠȢ ʌİĲȡȫȝĮ-
ĲȠȢ, ȈȤ. 3.22’ – 3.24’,  ʌȡȠțȪʌĲİȚ ȩĲȚ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ İʌĮȡțȠȪȞ ȖȚĮ ĲȘȞ 
ȣʌȠıĲȒȡȚȟȘ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ, İĳȩıȠȞ ĮȣĲȐ İĳĮȡȝȠıșȠȪȞ ıĲȠȞ țĮĲȐȜȜȘȜȠ ȤȡȩȞȠ. 
ȈȣıȤİĲȓȗȠȞĲĮȢ ĲȘȞ ȝİĲĮĲȩʌȚıȘ ʌȠȣ ʌȡȠȘȖȒșȘțİ ĲȘȢ ĲȠʌȠșȑĲȘıȘȢ ĲȘȢ ʌȡȠıȦȡȚȞȒȢ 
İʌȑȞįȣıȘȢ (ʌȡȠİțĲȩȞȦıȘ) ȝİ ĲȘȞ ĮʌȩıĲĮıȘ Įʌȩ ĲȠ ȝȑĲȦʌȠ, ȝİ ĲȘ ȕȠȒșİȚĮ ĲȘȢ 
ıȤȑıȘȢ (3.26), ʌȡȠȑțȣȥİ: 

 
- īȚĮ ĲȘȞ țĮĲȘȖȠȡȓĮ ǿǿ Ș ȝİĲĮĲȩʌȚıȘ (ʌȡȠİțĲȩȞȦıȘ), ʌȠȣ İʌİĲȡȐʌȘ ʌȡȚȞ ĲȘȞ 

ĲȠʌȠșȑĲȘıȘȢ ĲȘȢ ʌȡȠıȦȡȚȞȒȢ İʌȑȞįȣıȘȢ, İȓȞĮȚ  1,5mm. ȈȪȝĳȦȞĮ ȝİ ĲȘ 
ıȤȑıȘ (3) Ș ȝİĲĮĲȩʌȚıȘ ĮȣĲȒ ıȣȝȕĮȓȞİȚ ıİ ĮʌȩıĲĮıȘ Įʌȩ ĲȠ ȝȑĲȦʌȠ 
ʌİȡȓʌȠȣ 3 m țĮȚ ȐȡĮ İʌȚȜȑȖİĲĮȚ ȝȒțȠȢ ĮȞȣʌȠıĲȪȜȦĲȘȢ  įȚĮĲȠȝȒȢ ʌİȡȓʌȠȣ 
3 m. ȉȠ ȝȒțȠȢ ĮȣĲȩ İȓȞĮȚ ıȣȝȕĮĲȩ ȝİ ĲȠ ȕȒȝĮ ʌȡȠȤȫȡȘıȘȢ ʌȠȣ 
ʌȡȠĲİȓȞİĲĮȚ ȖȚĮ ĲȘȞ țĮĲȘȖȠȡȓĮ ĮȣĲȒ (2,5 y 3,5 m). 

- ǹȞĲȓıĲȠȚȤĮ, ȖȚĮ ĲȘȞ țĮĲȘȖȠȡȓĮ ǿǿǿa Ș ĮȡȤȚțȒ ȝİĲĮĲȩʌȚıȘ, ʌȠȣ İʌȚȜȑȤșȘțİ 
ʌȡȚȞ ĲȘȞ ĲȠʌȠșȑĲȘıȘȢ ĲȘȢ ʌȡȠıȦȡȚȞȒȢ İʌȑȞįȣıȘȢ, İȓȞĮȚ 4 mm. Ǿ ȝİĲĮĲȩ-
ʌȚıȘ ĮȣĲȒ ĮȞĲȚıĲȠȚȤİȓ ıİ ȕȒȝĮ ʌȡȠȤȫȡȘıȘȢ ʌİȡȓʌȠȣ 2 m țĮȚ ȐȡĮ 
İʌȚȜȑȖİĲĮȚ ȕȒȝĮ ʌȡȠȤȫȡȘıȘȢ ʌİȡȓʌȠȣ 2 m ȖȚĮ ĲȘȞ țĮĲȘȖȠȡȓĮ ĮȣĲȒ (1,5 y 
2,5 m). 

- ȉȑȜȠȢ, ıĲȘȞ țĮĲȘȖȠȡȓĮ ǿǿǿb Ș ȝİĲĮĲȩʌȚıȘ ʌȠȣ İʌİĲȡȐʌȘțİ İȓȞĮȚ 10 mm 
țĮȚ ĲȠ ȕȒȝĮ ʌȡȠȤȫȡȘıȘȢ İȓȞĮȚ ʌİȡȓʌȠȣ 1,0 m (1,0 y 1,5 m). 
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ǹȞĮȜȪıİȚȢ FLAC EȣıĲȐșİȚĮȢ ȈȒȡĮȖȖĮȢ ȝİ ȆȡȠıȦȡȚȞȒ ǼʌȑȞįȣıȘ   
 

Ȉİ ĮȣĲȩ ĲȠ ıĲȐįȚȠ ĲȘȢ ĮȞȐȜȣıȘȢ ȜĮȝȕȐȞİĲĮȚ ȣʌȩȥȘ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ țĮĲȐ ĲȘȞ țĮĲĮ-
ıțİȣȒ ĲȘȢ ıȒȡĮȖȖĮȢ ĮʌĮȚĲȠȪȞĲĮȚ ʌȠȜȜĮʌȜȐ ıĲȐįȚĮ İțıțĮĳȒȢ țĮȚ ȣʌȠıĲȒȡȚȟȘȢ. ȀĮĲȐ 
ĲȘȞ ʌȡȠıȠȝȠȓȦıȘ ĲȘȢ ıĲĮįȚĮțȒȢ İțıțĮĳȒȢ ȝİ ĲȠ FLAC ĮțȠȜȠȣșİȓĲĮȚ Ș įȚĮįȚțĮıȓĮ 
ʌȠȣ ʌİȡȚȖȡȐĳİĲĮȚ ıȤȘȝĮĲȚțȐ ıĲȠ ȈȤ. 3.25’. ǹȡȤȚțȐ ȠȚ İıȦĲİȡȚțȑȢ ĲȐıİȚȢ ıĲȘȞ 
ʌİȡȚĳȑȡİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ ȝİȚȫȞȠȞĲĮȚ ıĲĮįȚĮțȐ ȑȦȢ ȝȓĮ ĲȚȝȒ Ș ȠʌȠȓĮ ĮȞĲȚıĲȠȚȤİȓ ıĲȠ 
ıȘȝİȓȠ ȩʌȠȣ ĲȠʌȠșİĲİȓĲĮȚ ĲȠ ʌȡȫĲȠ ȝȑĲȡȠ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȪȜȦıȘȢ (Ȝ=30%). Ȉİ 
ĮȣĲȩ ĲȠ ıĲȐįȚȠ ȤĮȜȐȡȦıȘȢ ĲȠʌȠșİĲȠȪȞĲĮȚ ĲĮ ĮȖțȪȡȚĮ țĮȚ ȠȚ ĲȐıİȚȢ ȝİȚȫȞȠȞĲĮȚ ʌİȡĮȚ-
ĲȑȡȦ (Ȝ=50%). ȈĲȘ ıȣȞȑȤİȚĮ ĮĳȠȪ ĲȠʌȠșİĲİȓĲĮȚ ĲȠ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ Ș ȝİȓȦ-
ıȘ ıȣȞİȤȓȗİĲĮȚ ȝȑȤȡȚ ȠȚ İʌȚĳĮȞİȚĮțȑȢ ĲȐıİȚȢ ȞĮ ȝȘįİȞȚıĲȠȪȞ (Ȝ=100%). Ǿ įȚĮįȚțĮıȓĮ 
ĮȣĲȒ ĮțȠȜȠȣșİȓĲĮȚ țĮȚ ȖȚĮ ĲȚȢ įȪȠ ĳȐıİȚȢ İțıțĮĳȒȢ ǹ țĮȚ Ǻ. 

 
ĭǹȈǾ ǹ (ǹȞȦ ȘȝȚțȣțȜȚțȩ ĲȝȒȝĮ) 

 

 
ȈĲȐįȚĮ   1Ƞ                                          2Ƞ                                                       3Ƞ                      
Ȝ=35%              Ȝ=60%          Ȝ=100% 

 
ĭǹȈǾ Ǻ (ǺĮșȝȓįĮ) 

 

 
ȈĲȐįȚĮ  4Ƞ                                          5Ƞ                                                     6Ƞ                      
 Ȝ=35%              Ȝ=60%           Ȝ=100% 
 
ȈȤ. 3.25’. ȈĲȐįȚĮ ȣʌȠȜȠȖȚıȝȠȪ – ȈĲĮįȚĮțȒ İțıțĮĳȒ țĮȚ ȣʌȠıĲȒȡȚȟȘ 
 

 
ȉĮ țȪȡȚĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ĮȞĮȜȪıİȦȞ ıȣȞȠȥȓȗȠȞĲĮȚ țĮȚ ıȣȖțȡȓȞȠȞĲĮȚ ȝİ ĲĮ 

ĮȞĲȓıĲȠȚȤĮ ȝİȖȑșȘ ĲȦȞ ĮȞĮȜȪıİȦȞ ĮȞȣʌȠıĲȪȜȦĲȘȢ įȚĮĲȠȝȒȢ ıĲȠȣȢ ȆȓȞĮțİȢ ʌȠȣ ĮțȠ-
ȜȠȣșȠȪȞ.  ǼȚįȚțȫĲİȡĮ ȖȚĮ țȐșİ țĮĲȘȖȠȡȓĮ țĮȚ ȖȚĮ 6,0 ok  țĮȚ 2,1  įȓȞȠȞĲĮȚ: 
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yu , xu :  ȝȑȖȚıĲİȢ țĮĲĮțȩȡȣĳİȢ țĮȚ ȠȡȚȗȩȞĲȚİȢ ȝİĲĮĲȠʌȓıİȚȢ ȖȚĮ ĮȞȣʌȠıĲȪȜȦĲȘ 
țĮȚ  ȣʌȠıĲȣȜȦȝȑȞȘ įȚĮĲȠȝȒ 

ȃ, Q, M:  ȝȑȖȚıĲİȢ ĮȟȠȞȚțȑȢ țĮȚ ĲȑȝȞȠȣıİȢ įȣȞȐȝİȚȢ, ȝȑȖȚıĲİȢ ȡȠʌȑȢ ıĲȠ 
İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ 

AF :      ȝȑȖȚıĲȘ ĮȟȠȞȚțȒ įȪȞĮȝȘ ĮȖțȣȡȓȦȞ 
 

Ko=1,2 Ko=0,6 KǹȉǾīȅȇǿǹ ǿǿ 
 Ȃİ 

ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȋȦȡȓȢ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

Ȃİ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȋȦȡȓȢ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȂİĲĮĲȠʌȓıİȚȢ 
ȅȡȠĳȒ  yu  ( mm ) 

ȉȠȚȤȫȝĮĲĮ xu  ( mm ) 

 
2,3 
2,3 

 
2,7 
2,5 

 
2,5 
0,8 

 
3,1 
1,0 

ǼțĲȠȟ. ȈțȣȡȩįİȝĮ 
ȃ  ( kN ) 
Q ( kN ) 
M ( mkN � ) 

 
615 
2 

0,92 

 
- 
- 
- 

 
376 
1,9 

0,64 

 
- 
- 
- 

AȖțȪȡȚĮ AF  ( kN ) 24,0 - 19,5 - 
 

Ko=1,2 Ko=0,6 KǹȉǾīȅȇǿǹ ǿǿǿĮ 
 Ȃİ 

ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȋȦȡȓȢ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

Ȃİ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȋȦȡȓȢ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȂİĲĮĲȠʌȓıİȚȢ 
ȅȡȠĳȒ  yu  ( mm ) 

ȉȠȚȤȫȝĮĲĮ xu  ( mm ) 

 
5,5 
6,5 

 
11,4 
10,4 

 
7,0 
3,1 

 
10,8 
5,9 

ǼțĲȠȟ. ȈțȣȡȩįİȝĮ 
ȃ  ( kN ) 
Q ( kN ) 
M ( mkN � ) 

 
1514 
11,4 
5,4 

 
- 
- 
- 

 
843 
5,8 
4,4 

 
- 
- 
- 

AȖțȪȡȚĮ AF  ( kN ) 30,0 - 35,0 - 
 

Ko=1,2 Ko=0,6 KǹȉǾīȅȇǿǹ ǿǿǿȕ 
 Ȃİ 

ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȋȦȡȓȢ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

Ȃİ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȋȦȡȓȢ 
ʌȡȠıȦȡȚȞȒ 
İʌȑȞįȣıȘ 

ȂİĲĮĲȠʌȓıİȚȢ 
ȅȡȠĳȒ  yu  ( mm ) 

ȉȠȚȤȫȝĮĲĮ xu  ( mm ) 

 
12,7 
17,7 

 
41,8 
34,3 

 
17,0 
12,2 

 
31,3 
24,8 

ǼțĲȠȟ. ȈțȣȡȩįİȝĮ 
ȃ  ( kN ) 
Q ( kN ) 
M ( mkN � ) 

 
2523 

72 
45 

 
- 
- 
- 

 
1535 
34 
28 

 
- 
- 
- 

AȖțȪȡȚĮ AF  ( kN ) 60,0 - 60,0 - 
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TĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ĮȞĮȜȪıİȦȞ ĮʌȠįİȚțȞȪȠȣȞ ȩĲȚ Ș ıȒȡĮȖȖĮ ıĲĮșİȡȠʌȠȚİȓĲĮȚ 
ȚțĮȞȠʌȠȚȘĲȚțȐ ȝİ ĲȘȞ İĳĮȡȝȠȖȒ ĲȦȞ ʌȡȠıȦȡȚȞȫȞ ȝȑĲȡȦȞ ȣʌȠıĲȪȜȦıȘȢ ʌȠȣ ʌȡȠĲİȓ-
ȞȠȞĲĮȚ țĮȚ ĳĮȓȞȠȞĲĮȚ ıĲȐ ıȤȑįȚĮ. ȈȣȖțİțȡȚȝȑȞĮ ʌĮȡĮĲȘȡȠȪȞĲĮȚ ıȘȝĮȞĲȚțȑȢ ȝİȚȫıİȚȢ 
ĲȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ ıİ ȩȜİȢ ĲȚȢ țĮĲȘȖȠȡȓİȢ ȕȡĮȤȠȝȐȗĮȢ țĮȚ ĲȠ İȪȡȠȢ ĲȘȢ ȤĮȜĮȡȦȝȑ-
ȞȘȢ ȗȫȞȘȢ ʌȠȣșİȞȐ įİȞ İțĲİȓȞİĲĮȚ İțĲȩȢ ĲȘȢ ȗȫȞȘȢ İĳĮȡȝȠȖȒȢ ĲȦȞ ĮȖțȣȡȓȦȞ.   

Ǿ ȤȡȒıȘ įȠțȠȪ İȞȓıȤȣıȘȢ ĲȠȣ ʌȑȜȝĮĲȠȢ ĲȦȞ ʌȜĮȚıȓȦȞ țȡȓșȘțİ ĮȞĮȖțĮȓĮ Įʌȩ Ĳ’ 
ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ĮȞĮȜȪıİȦȞ ʌȠȣ ȑįİȚȟĮȞ ıȘȝĮȞĲȚțȑȢ ʌĮȡĮȝȠȡĳȫıİȚȢ țĮȚ ĲȐıİȚȢ 
țĮșȫȢ țĮȚ ĮȣȟȘȝȑȞİȢ ĲȚȝȑȢ İȞĲĮĲȚțȫȞ ȝİȖİșȫȞ ıĲȘȞ ʌİȡȚȠȤȒ ĮȣĲȒ, ȩʌȦȢ ȐȜȜȦıĲİ 
ĮʌȠįİȚțȞȪİĲĮȚ țĮȚ Įʌȩ ʌȡȠȘȖȠȪȝİȞȘ İȝʌİȚȡȓĮ. 

ȅ ȑȜİȖȤȠȢ ĲȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ ȝİ ȕȐıȘ ĲĮ ʌȡȠțȪʌĲȠȞĲĮ Įʌȩ ĲȚȢ 
ĮȞĮȜȪıİȚȢ İȞĲĮĲȚțȐ ȝİȖȑșȘ ȗȘĲȒșȘțİ Įʌȩ ĲȘȞ ǼȅǹǼ. īȚĮ ĲȠȣȢ ȣʌȠȜȠȖȚıȝȠȪȢ ĮȣĲȠȪȢ 
įİȞ ȣʌȐȡȤȠȣȞ ȠȪĲİ țĮȞȠȞȚıȝȠȓ, ȠȪĲİ ıȤİĲȚțȒ ʌȡȩȕȜİȥȘ ıĲȠȞ ȅȈȂǼȅ, ĮȜȜȐ ȠȪĲİ țĮȚ 
İȣȡȑȦȢ ĮʌȠįİțĲȒ įȚİșȞȒȢ İȝʌİȚȡȓĮ. ȈĲȠ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ ĲȦȞ ıȘȡȐȖȖȦȞ İț 
ĲȦȞ ʌȡĮȖȝȐĲȦȞ, įİȞ ȝʌȠȡİȓ ȞĮ ȑȤİȚ İĳĮȡȝȠȖȒ Ƞ țĮȞȠȞȚıȝȩȢ ȠʌȜȚıȝȑȞȠȣ ȑȖȤȣĲȠȣ 
ıțȣȡȠįȑȝĮĲȠȢ ĲȦȞ ȣʌȑȡȖİȚȦȞ ȑȡȖȦȞ, ʌȠȣ ȚıȤȪİȚ ȖȚĮ ıȣȖțİțȡȚȝȑȞİȢ ȜİȚĲȠȣȡȖȓİȢ įȠȝȚ-
țȫȞ ıĲȠȚȤİȓȦȞ (ʌȜȐțİȢ, įȠțȠȓ țȜʌ.) ȝİ ıȣȖțİțȡȚȝȑȞȘ ȖİȦȝİĲȡȓĮ ĳȠȡȑĮ, ıȣȖțİțȡȚȝȑ-
ȞȘ įȚȐĲĮȟȘ ȠʌȜȚıȝȠȪ, țȜʌ.  

ǼĲıȚ, ʌĮȡȐ ĲȘȞ ʌȜȘșȫȡĮ ĲȦȞ ʌĮȡĮįȠȤȫȞ, ʌȠȣ șİȦȡȠȪȝİ ȩĲȚ ĲİȜȚțȐ ĮȜȜȠȚȫȞȠȣȞ 
ĲȘȞ ȠȣıȓĮ ĲȦȞ ȣʌȠȜȠȖȚıȝȫȞ ȖȚĮ ĲȠ İțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ, įȚİȞİȡȖȒıĮȝİ ȑȞĮȞ ȑȜİ-
ȖȤȠ ĲȦȞ ȝȑȖȚıĲȦȞ ĮȞĮʌĲȣııȩȝİȞȦȞ șİȦȡȘĲȚțȫȞ ĲȐıİȦȞ ȕȐıİȚ ĲȠȣ țȜĮıȚțȠȪ ĲȪʌȠȣ 

ĲȘȢ ȠȡșȠȖȦȞȚțȒȢ įȚĮĲȠȝȒȢ, 
W
M

A
N
r VHS , ȩʌȠȣ :A Ș İȞİȡȖȩȢ įȚĮĲȠȝȒ, :W  Ș ȡȠʌȒ 

ĮȞĲȓıĲĮıȘȢ țĮȚ N , M : Ș ĮȟȠȞȚțȒ įȪȞĮȝȘ țĮȚ Ș ȡȠʌȒ, ĮȞĲȓıĲȠȚȤĮ. ȅȚ ıȤİĲȚțȠȓ 
ȣʌȠȜȠȖȚıȝȠȓ ȖȚĮ țȐșİ țĮĲȘȖȠȡȓĮ įȚĮĲȠȝȒȢ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȖȚĮ țȐșİ țĮĲȘȖȠȡȓĮ 
įȚĮĲȠȝȒȢ. ǹʌȩ ĲȠȞ ȑȜİȖȤȠ ĮȣĲȩ ʌȡȠțȪʌĲİȚ ĮȞ Ș ȝȑȖȚıĲȘ ĮȞĮʌĲȣııȩȝİȞȘ ĲȐıȘ ıĲȠ 
ıțȣȡȩįİȝĮ įİȞ İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ ĲȘȢ ĮȞĲȠȤȒȢ ĲȠȣ İțĲȠȟİȣȩȝİȞȠȣ ıțȣȡȠįȑȝĮĲȠȢ, Ș 
ȠʌȠȓĮ ȑȤİȚ ȜȘĳșİȓ MPa 15 . 

ȈȣȞȠʌĲȚțȐ ĲĮ ȝȑĲȡĮ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȪȜȦıȘȢ ʌȠȣ ʌȡȠĲİȓȞȠȞĲĮȚ İȓȞĮȚ: 
 
- ǼțĲȠȟİȣȩȝİȞȠ ıțȣȡȩįİȝĮ ʌȐȤȠȣȢ 5 y 25 cm, ȠʌȜȚıȝȑȞȠ ȝİ ȓȞİȢ 340 mkg . 
- ǹȖțȪȡȚĮ ȕȡȐȤȠȣ ĲĮ ȠʌȠȓĮ İȓȞĮȚ ȤĮȜȪȕįȚȞİȢ ȡȐȕįȠȚ ʌȜȒȡȦȢ ĲıȚȝİȞĲĮȡȚıȝȑȞİȢ 

StIV ĭ=25mm, ȝȒțȠȣȢ  3 y6 m.  
- ȂİĲĮȜȜȚțȐ ʌȜĮȓıȚĮ ǾǼǺ140 @1,0m țĮȚ įȚĮįȠțȓįİȢ ıȪȞįİıȘȢ [ 80 ȖȚĮ ĲȘȞ 

țĮĲȘȖȠȡȓĮ ǿǿǿb . 
 
 

ȅȚ ĲȚȝȑȢ ĲȦȞ ıȣȖțȜȓıİȦȞ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ȖȡĮȝȝȫȞ 
İțıțĮĳȒȢ țĮȚ ıĲȠȞ țĮșȠȡȚıȝȩ ĲȦȞ ȠȡȓȦȞ ĮʌȠįȠȤȒȢ ıȣȖțȜȓıİȦȞ İȓȞĮȚ ȝİȖĮȜȪĲİȡİȢ 
ĮȣĲȫȞ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ  Įʌȩ ĲȚȢ ĮȞĮȜȪıİȚȢ, ȖȚĮ ȞĮ țĮȜȣĳșİȓ Ș ʌİȡȓʌĲȦıȘ ʌȠȣ ȑȤİȚ Ȗȓ-
ȞİȚ ȣʌİȡİțĲȓȝȘıȘ ĲȠȣ ȂȑĲȡȠȣ ǼȜĮıĲȚțȩĲȘĲĮȢ. ǼĲıȚ, ȠȚ ĲȚȝȑȢ ĲȦȞ ȝȑȖȚıĲȦȞ ıȣȖțȜȓ-
ıİȦȞ ʌȠȣ ȑȤȠȣȞ ȜȘĳșİȓ ȣʌȩȥȘ ĮȞȐ țĮĲȘȖȠȡȓĮ įȚĮĲȠȝȒȢ įȓȞȠȞĲĮȚ ıĲȠȞ ʌȓȞĮțĮ ʌȠȣ 
ĮțȠȜȠȣșİȓ: 

 
 

ȂǼīǿȈȉǼȈ ȉǿȂǼȈ  ȈȊīȀȁǿȈǼȍȃ 
ȀǹȉǾīȅȇǿǹ ǺȇǹȋȅȂǹǽǹȈ I II IIIa IIIb 
ȂȑȖȚıĲȘ ǼʌȚĲȡİʌȩȝİȞȘ ȈȪȖțȜȚıȘ 

(S) 
1,0 

(cm) 
2,0 

(cm) 
5,0 

(cm) 
10,0 
(cm) 
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ȅȚ ĲȚȝȑȢ ĮȣĲȑȢ İȓȞĮȚ ȠȚ ȝȑȖȚıĲİȢ ʌȠȣ ȝʌȠȡȠȪȞ ȞĮ ȖȓȞȠȣȞ ĮʌȠįİțĲȑȢ. ȅȝȦȢ, İʌİȚįȒ 
İȓȞĮȚ İȞįİȤȩȝİȞȠ ȞĮ ʌȡȠțȪȥİȚ ĮıĲȐșİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ țĮȚ ȝİ ĲȚȝȑȢ ȝȚțȡȩĲİȡİȢ ĲȦȞ 
ĮȞȦĲȑȡȦ, ıȪȝĳȦȞĮ ȝİ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ĮȞĮȜȪıİȦȞ, ȖȚ’ ĮȣĲȩ ʌȡȑʌİȚ ȞĮ ʌĮȡĮțȠ-
ȜȠȣșȠȪȞĲĮȚ ȠȚ ʌĮȡĮȝȠȡĳȫıİȚȢ, ȫıĲİ ȞĮ ȜȘĳșȠȪȞ İȖțĮȓȡȦȢ ʌȡȩıșİĲĮ ȝȑĲȡĮ, ĮȞ ĮʌĮȚ-
ĲȘșİȓ. ȈȣȖțİțȡȚȝȑȞĮ, ʌȡȑʌİȚ ȞĮ İȟİĲȐȗȠȞĲĮȚ ȐȝİıĮ ȠȚ ĲȠʌȚțȑȢ ıȣȞșȒțİȢ ĲȘȢ ȕȡĮȤȠȝȐ-
ȗĮȢ, ȝİ ʌȚșĮȞȒ İʌĮȞİțĲȓȝȘıȘ ĲȦȞ ȖİȦȝȘȤĮȞȚțȫȞ ĲȘȢ ʌĮȡĮȝȑĲȡȦȞ, Ƞ ĲȡȩʌȠȢ İțıțĮ-
ĳȒȢ ĲȘȢ țĮșȫȢ țĮȚ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȪȜȦıȘȢ țĮȚ Ƞ ȤȡȩȞȠȢ İĳĮȡȝȠȖȒȢ ĲȠȣȢ.  
 

ȀȁǿȂǹȀȍȈǾ ǼȃǼȇīǼǿȍȃ ǼȀȉǹȀȉǾȈ ǹȃǹīȀǾȈ 

25%S                  50%S                  75%S              >75% S ȆȅȈȅȈȉȅ 
ǼȂĭǹȃǿǽȅȂǼȃǾȈ 
ȈȊīȀȁǿȈǾȈ (%S) …. …. …. … 

ȂǼȉȇǹ ǼȀȉǹȀȉǾȈ 
ǹȃǹīȀǾȈ 

ȀĮȝȝȓĮ 
İȞȑȡȖİȚĮ 

ǼȞȘȝȑȡȦıȘ 
ȂİȜİĲȘĲȒ / 
ȊʌȘȡİıȓĮȢ 

ȈȪıțİȥȘ țĮȚ 
țĮșȠȡȚıȝȩȢ 
ȝȑĲȡȦȞ 
İȞȓıȤȣıȘȢ 

ǼĳĮȡȝȠȖȒ 
ʌȡȩıșİĲȦȞ 
ȝȑĲȡȦȞ 
İȞȓıȤȣıȘȢ 

 
īȚĮ ȞĮ İȓȞĮȚ İĳȚțĲȒ Ș ʌĮȡĮțȠȜȠȪșȘıȘ ĲȘȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȘȢ ıȒȡĮȖȖĮȢ țĮȚ Ș 

ȑȖțĮȚȡȘ ĮȞĲȚȝİĲȫʌȚıȘ ĮıĲȠȤȚȫȞ ʌȡȑʌİȚ ȞĮ İȖțĮĲĮıĲĮșİȓ İȖțĮȓȡȦȢ țĮȚ ĮȞȐȜȠȖĮ ȝİ 
ĲȘȞ ʌȡȠȤȫȡȘıȘ ĲȘȢ İțıțĮĳȒȢ ȑȞĮ ıȪıĲȘȝĮ ȠȡȖȐȞȦȞ ȖȚĮ ĲȘȞ ʌĮȡĮțȠȜȠȪșȘıȘ, ȝȑıȦ 
ĲĮțĲȚțȫȞ ȝİĲȡȒıİȦȞ, ĲȘȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ, țȣȡȓȦȢ įİ ĲȦȞ ʌĮȡĮȝȠȡĳȫ-
ıİȦȞ (ıȣȖțȜȓıİȦȞ) ȝĮȗȓ ȝİ ĲȠ İȓįȠȢ țĮȚ ĲȘ ıȣȤȞȩĲȘĲĮ ĲȦȞ ȝİĲȡȒıİȦȞ ʌȠȣ ʌȡȑʌİȚ ȞĮ 
İțĲİȜȠȪȞĲĮȚ țĮĲȐ ĲȘ ĳȐıȘ İțıțĮĳȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ. ǼʌȚıȘȝĮȓȞİĲĮȚ Ș ĮȞȐȖțȘ ȑȖțĮȚ-
ȡȘȢ İȖțĮĲȐıĲĮıȘȢ ĲȦȞ ȠȡȖȐȞȦȞ, ȩʌȦȢ ʌȡȠȕȜȑʌİĲĮȚ Įʌȩ ĲȘȞ ȝİȜȑĲȘ, įȚĮĳȠȡİĲȚțȐ 
ĮʌȠįȣȞĮȝȫȞİĲĮȚ Ș ıȘȝĮıȓĮ ĲȠʌȠșȑĲȘıȘȢ ĲȦȞ ȠȡȖȐȞȦȞ țĮȚ įİȞ ıȣȜȜȑȖȠȞĲĮȚ ȠȚ ıȦ-
ıĲȑȢ ʌȜȘȡȠĳȠȡȓİȢ.    
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4.1 ȂȘȤĮȞȒȝĮĲĮ ȠȜȠȝİĲȫʌȠȣ țȠʌȒȢ (ȉunnel Boring Machines, ȉǺȂ)  
ȉĮ ȝȘȤĮȞȒȝĮĲĮ ȠȜȠȝȑĲȦʌȘȢ țȠʌȒȢ (Tunnel boring machines, TBM țĮȚ ȠȚ ĮıʌȓįİȢ, 
shields) ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȖȚĮ ĲȘȞ įȚȐȞȠȚȟȘ ıȘȡȐȖȖȦȞ ȝȑıĮ ıİ įȚĮĳȠȡİĲȚțȠȪȢ 
ȖİȦȜȠȖȚțȠȪȢ ıȤȘȝĮĲȚıȝȠȪȢ (ȈȤȒȝĮ 4.1). ȂʌȠȡİȓ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ĲȠ ȓįȚȠ 
ĮʌȠĲİȜİıȝĮĲȚțȐ ȖȚĮ ĲȘ įȚȐȞȠȚȟȘ ȝȑıĮ Įʌȩ ıțȜȘȡȐ Ȓ ȤĮȜĮȡȐ ʌİĲȡȫȝĮĲĮ Ȓ İįȐĳȘ. ȅȚ 
įȚȐȝİĲȡȠȚ įȚȐȞȠȚȟȘȢ țȣȝĮȓȞȠȞĲĮȚ Įʌȩ 1m ȑȦȢ țĮȚ 15m (ȝİ ĲȐıȘ ȞĮ ĳșȐıȠȣȞ ĲĮ 19 m) 
țĮȚ ȠȚ ĲĮȤȪĲȘĲİȢ ʌȡȠȥȫȡȘıȘȢ ĮȞȐȜȠȖĮ ȝİ ĲȚȢ ȖİȦȜȠȖȚțȑȢ ıȣȞșȒțİȢ Įʌȩ ȝİȡȚțȐ 
İțĮĲȠıĲȐ/İȕįȠȝȐįĮ ȑȦȢ țĮȚ 130 ȝȑĲȡĮ/İȕįȠȝȐįĮ. 

 
ȈȤȒȝĮ 4.1: ȉǺȂ țĮĲȐ ĲȘȞ ȑȟȠįȠ ĲȠȣ Įʌȩ ĲıȒȡĮȖȖĮ ıİ ȕȡĮȤȠȝȐȗĮ 

  
ȅȚ ıȒȡĮȖȖİȢ ȠȚ ȠʌȠȓİȢ ȑȤȠȣȞ įȚȐȝİĲȡȠ ȝȚțȡȩĲİȡȘ ĲȠȣ 1m İȓȞĮȚ ʌȚȠ ʌȚșĮȞȩ ȞĮ 
įȚĮȞȠȚȤșȠȪȞ ȝİ ȠȡȚȗȩȞĲȚĮ țĮĲİȣșȣȞȩȝİȞȘ ȩȡȣȟȘ Ȓ ȝİ ĲȘ ȤȡȒıȘ ĲȘȢ ȝİșȩįȠȣ Pipe 
Jacking, ʌĮȡȐ ȝİ ȉǺȂ.  

ȉĮ ʌȡȫĲĮ țȠʌĲȚțȐ ȝȘȤĮȞȒȝĮĲĮ ȒĲĮȞ țĮĲȐ țȪȡȚȠ ȜȩȖȠ ȝİĲĮȜȜȚțȠȓ ıȦȜȒȞİȢ ȠȚ ȠʌȠȓȠȚ 
ȣʌȠıĲȒȡȚȗĮȞ ĲȘȞ ʌİȡȚȕȐȜȜȜȠȣıĮ İįĮĳȠȕȡĮȤȩȝĮȗĮ ȖȪȡȦ Įʌȩ ĲȘ ıȒȡĮȖȖĮ İȞĲȩȢ ĲȦȞ 
ȠʌȠȓȦȞ İȟȩȡȣııĮȞ ĲĮ įȚĮĲȡȘĲȚțȐ ȝȘȤĮȞȒȝĮĲĮ. ǻȚĮĳȠȡİĲȚțȑȢ ĲİȤȞȠȜȠȖȓİȢ İȓȤĮȞ 
ĮȞĮʌĲȣȤșİȓ, ıĲȠ ʌĮȡİȜșȩȞ, ʌȡȠțİȚȝȑȞȠȣ ȞĮ ĮȞĲȚȝİĲȦʌȚıĲȠȪȞ ȝȘȤĮȞȒȝĮĲĮ İȟȩȡȣȟȘȢ 
ĲȩıȠ ȖȚĮ «İȞįȚȐȝİıȘȢ ıțȜȘȡȩĲȘĲĮȢ» ʌİĲȡȫȝĮĲĮ ȩıȠ țĮȚ ȖȚĮ «įȪıțȠȜĮ» İįȐĳȘ. ȀĮĲȐ 
ĲȘȞ İțıțĮĳȒ șȡĮȪıȝĮĲĮ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ țĮșȫȢ țĮȚ ıȦȝĮĲȓįȚĮ ıțȩȞȘȢ ȣʌȐȡȤȠȣȞ İȞ 
ĮȚȦȡȒıİȚ ıĲȠ ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ. īȚĮ ĲȠ ȜȩȖȠ ĮȣĲȩ ȑȖȚȞİ İʌȚĲĮțĲȚțȒ Ș ĮȞȐȖțȘ ȖȚĮ 
İȖțĮĲȐıĲĮıȘ ȝȘȤĮȞȘȝȐĲȦȞ ʌȠȣ ĮʌȠȝȐțȡȣȞĮȞ ĲȘ ıțȩȞȘ Įʌȩ ĲȠ ȝȑĲȦʌȠ, ĲĮ ȠʌȠȓĮ İȞ 
ıȣȞĲȠȝȓĮ İȓȞĮȚ: 

x Ǿ ȡȠȒ ȞİȡȠȪ ıĲȠ țȠʌĲȚțȩ ȐțȡȠ 
x ǲȞĮ ĳȓȜĲȡȠ ʌȓıȦ Įʌȩ ĲȠ țȠʌĲȚțȩ, țĮȚ 
x ȂȚĮ ıȣıțİȣȒ ĮȞĮȡȡȩĳȘıȘȢ ĲȘȢ ıțȩȞȘȢ  
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ȆİȡȚȖȡĮĳȒ ȂİșȩįȠȣ 

ǲȞĮ TBM ıȣȞȒșȦȢ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ ȑȞĮ Ȓ įȣȠ ĮıʌȓįİȢ, ȝİĲĮȜȜȚțȠȪȢ țȣȜȓȞįȡȠȣȢ țĮȚ 
Įʌȩ ıȣıĲȒȝĮĲĮ ȣʌȠıĲȒȡȚȟȘȢ. ȈĲȠ ȑȞĮ ȐțȡȠ ĲȘȢ ĮıʌȓįĮȢ ĲȠʌȠșİĲİȓĲĮȚ Ș țȠʌĲȚțȒ 
țİĳĮȜȒ. ȆȓıȦ Įʌȩ ĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ ȣʌȐȡȤİȚ ȑȞĮȢ șȐȜĮȝȠȢ ıĲȠȞ ȠʌȠȓȠ, ĮȞȐȜȠȖĮ 
ȝİ ĲȠȞ ĲȪʌȠ ĲȠȣ țȠʌĲȚțȠȪ, ĲĮ șȡĮȪıȝĮĲĮ țȠʌȒȢ ĮȞĮțĮĲİȪȠȞĲĮȚ ȝİ ʌȠȜĳȩ (slurry) Ȓ 
ȝȑȞȠȣȞ ȦȢ ȑȤȠȣȞ țĮȚ ȝİĲĮĳȑȡȠȞĲĮȚ ıĲȘȞ ȑȟȠįȠ ĲȘȢ ıȒȡĮȖȖĮȢ. Ǿ İʌȚȜȠȖȒ ĲȘȢ țȠʌĲȚțȒȢ 
țİĳĮȜȒȢ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȠȣ İįȐĳȠȣȢ . ȆȓıȦ Įʌȩ ĲȠ șȐȜĮȝȠ ȕȡȓıțȠȞĲĮȚ 
ȝȚĮ ıİȚȡȐ Įʌȩ ȣįȡĮȣȜȚțȠȓ ȖȡȪȜȠȚ (ȈȤȒȝĮ 4.2), ȠȚ ȠʌȠȓȠȚ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȖȚĮ ĲȘȞ 
ʌȡȠȫșȘıȘ ĲȠȣ ȝȘȤĮȞȒȝĮĲȠȢ. ȅȚ ȖȡȪȜȠȚ ĲȠʌȠșİĲȠȪȞĲĮȚ ıĲȘȞ İʌȑȞįȣıȘ ĲȘȢ ıȒȡĮȖȖĮȢ 
ʌȠȣ ȕȡȓıțİĲĮȚ ʌȓıȦ Įʌȩ ĲȠ ȝȘȤȐȞȘȝĮ țĮȚ İȞ ıȣȞİȤİȓĮ ĲȠ ȦșȠȪȞ ʌȡȠȢ ĲȘȞ ĮȞĲȓșİĲȘ 
țĮĲİȪșȣȞıȘ.  

 
ȈȤȒȝĮ 4.2:ȉȝȒȝĮĲĮ İȞȩȢ ȉǺȂ 

 

Ǿ țȠʌĲȚțȒ țİĳĮȜȒ ĲȠȣ ȉǺȂ ʌİȡȚıĲȡȑĳİĲĮȚ ȝİ ȖȦȞȚĮțȑȢ ĲĮȤȪĲȘĲİȢ Įʌȩ 1 ȑȦȢ 10 rpm. 
Ǿ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠĳȒȢ țĮșȠȡȓȗİĲĮȚ Įʌȩ ĲȚȢ ȖİȦȜȠȖȚțȑȢ ıȣȞșȒțİȢ țĮșȫȢ țĮȚ Įʌȩ ĲȚȢ 
įȣȞĮĲȩĲȘĲİȢ ĲȠȣ ȝȘȤĮȞȒȝĮĲȠȢ. ǹȞȐȜȠȖĮ ȝİ ĲȘ ȖİȦȜȠȖȓĮ ȝʌȠȡİȓ Ș ıȒȡĮȖȖĮ ȞĮ 
ȣʌȠıĲȘȡȚȤșİȓ Ȓ ȞĮ Įĳİșİȓ ĮȞȣʌȠıĲȒȡȚțĲȘ. Ǿ ȣʌȠıĲȒȡȚȟȘ ȖȓȞİĲĮȚ ȝİ ĲȘȞ İȚıĮȖȦȖȒ 
ʌȡȠțĮĲĮıțİȣĮıȝȑȞȦȞ įĮțĲȣȜȓȦȞ ıțȣȡȠįȑȝĮĲȠȢ, ȠȚ ȠʌȠȓȠȚ ĲȠʌȠșİĲȠȪȞĲĮȚ ıĲȘ șȑıȘ 
ĲȠȣȢ țĮșȫȢ ĲȠ ȝȘȤȐȞȘȝĮ ʌȡȠȦșİȓĲĮȚ ʌȡȠȢ ĲĮ İȝʌȡȩȢ.  

Ǿ țȠʌȒ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ İʌȚĲȣȖȤȐȞİĲĮȚ ȝİ ĲȘ ȕȠȒșİȚĮ țȣțȜȚțȫȞ įȓıțȦȞ țĮĲȐ ĲȚȢ 
ȜİʌĲȠȝȑȡİȚİȢ ĲȠȣ ȈȤ. 4.3 ȠȚ ȠʌȠȓȠȚ ȕȡȓıțȠȞĲĮȚ ʌȐȞȦ ıĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ (ȈȤ. 4.4) 
ʌȠȣ ʌİȡȚıĲȡȑĳİĲĮȚ țĮȚ ĲĮȣĲȠȤȡȩȞȦȢ ȦșİȓĲĮȚ İʌȓ ĲȠȣ ȝİĲȫʌȠȣ. 
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ȈȤ. 4.3 

 

ȈȤ. 4.4 ȀĮĲĮȞȠȝȒ țȠʌĲȚțȫȞ įȓıțȦȞ ıĲȘȞ țİĳĮȜȒ ĲȠȣ TBM ȝİ ȝȑıȘ ĮʌȩıĲĮıȘ țȠʌȒȢ S=7 
cm. 

Ǿ İʌȚȜȠȖȒ ȝȠȞȒȢ Ȓ įȚʌȜȒȢ ĮıʌȓįĮȢ İȟĮȡĲȐĲĮȚ țȣȡȓȦȢ Įʌȩ ĲȘ ȖİȦȜȠȖȓĮ ĲȘȢ ʌİȡȚȠȤȒȢ 
țĮșȫȢ țĮȚ Įʌȩ ĲȘȞ ĲĮȤȪĲȘĲĮ ʌȡȠȤȫȡȘıȘȢ. ǻȚʌȜȑȢ ĮıʌȓįİȢ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıİ 
ȤĮȜĮȡȐ İįȐĳȘ Ȓ ȡȘȖȝĮĲȠȖȩȞİȢ ȗȫȞİȢ ȩʌȠȣ ĮʌĮȚĲİȓĲĮȚ ȝİȖȐȜȘ ĲĮȤȪĲȘĲĮ ʌȡȠȤȫȡȘıȘȢ. 
ǹȞĲȓıĲȠȚȤĮ Ș ȝȠȞȒ ĮıʌȓįĮ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ıİ ıțȜȘȡȐ, ıȣȝʌĮȖȒ ʌİĲȡȫȝĮĲĮ.  

 
1. TBM ȝİ grippers 

 
EȞĮ Gripper TBM İȓȞĮȚ țĮĲȐȜȜȘȜȠ ȖȚĮ İȟȩȡȣȟȘ ȕȡĮȤȠȝĮȗȫȞ ʌȠȣ Ș İȣıĲȐșİȚĮ ĲȠȣ 
ȝİĲȫʌȠȣ țĮȚ ĲȠȣ ĮȞȣʌȠıĲȪȜȦĲȠȣ ĲȝȒȝĮĲȠȢ ĲȘȢ ıȒȡĮȖȖĮȢ ȝʌȠȡİȓ ȞĮ İʌȚĲİȣȤșİȓ ȝİ 
ʌȡȠıȦȡȚȞȐ ȝȑıĮ ȣʌȠıĲȪȜȦıȘȢ ȩʌȦȢ țȠȤȜȓİȢ, ȝİĲĮȜȜȚțȐ ʌȜĮȓıȚĮ țĮȚ İțĲȠȟİȣȩȝİȞȠ 
ıțȣȡȩįİȝĮ . ȉȠ Gripper TBM ĮʌȠĲİȜİȓĲĮȚ Įʌȩ ĲȑııİȡĮ ıȪȞȠȜĮ ıȣıĲȘȝȐĲȦȞ: 
- ıȪıĲȘȝĮ įȚȐĲȡȘıȘȢ, 
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- ıȪıĲȘȝĮ ʌȡȠȫșȘıȘȢ, ʌȜİȣȡȚțȒȢ ĮȞĲȚıĲȒȡȚȟȘȢ (gripper) țĮȚ ıȪıĲȘȝĮ bracing, 
- ıȪıĲȘȝĮ ȣʌȠıĲȪȜȦıȘȢ țĮȚ ĲȠʌȠșȑĲȘıȘȢ ĲȦȞ ʌȡȠțĮĲĮıțİȣĮıȝȑȞȦȞ įĮțĲȣȜȓȦȞ 
ıțȣȡȠįȑȝĮĲȠȢ, 
- ıȪıĲȘȝĮ ȝİĲĮĳȠȡȚțȒȢ ĲĮȚȞȓĮȢ. 
ȉȠ ıȪıĲȘȝĮ įȚȐĲȡȘıȘȢ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ ĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ, ĲȠȣ įȓıțȠȣȢ țȠʌȒȢ, ĲȠ 
ıȪıĲȘȝĮ ȝİĲȐįȠıȘȢ țȓȞȘıȘȢ ĲȘȢ țİĳĮȜȒȢ țĮȚ ĲȠ ıȪıĲȘȝĮ ȠįȒȖȘıȘȢ (ȈȤȒȝĮ 4.5). Ǿ 
țȠʌĲȚțȒ țİĳĮȜȒ ʌȡȠȦșİȓĲĮȚ țĮȚ ȠįȘȖİȓĲĮȚ ȝİ ȘȜİțĲȡȠȣįȡĮȣȜȚțȩ ıȪıĲȘȝĮ țȚȞȘĲȒȡȦȞ. 

 
ȈȤȒȝĮ 4.5 TBM ȝİ ʌȜİȣȡȚțȠȪȢ grippers. 

 
 
2. ȉǺȂ ȝİ ĮıʌȓįĮ 
 
ȉĮ ȝȘȤĮȞȒȝĮĲĮ ȠȜȠȝȑĲȦʌȘȢ țȠʌȒȢ ȝİ ĮıʌȓįĮ (ȈȤȒȝĮ 4.6 țĮȚ 4.7) ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȠ 
ıĲȚȢ ʌİȡȚʌĲȫıİȚȢ ʌȠȣ Ș ȕȡĮȤȩȝĮȗĮ ȜȩȖȦ ĲȘȢ ȝȚțȡȒȢ ĲȘȢ ĮȞĲȠȤȒȢ įİȞ ȝʌȠȡİȓ ȞĮ 
ʌĮȡĮȜȐȕİȚ ĲȚȢ įȣȞȐȝİȚȢ ıĲȒȡȚȟȘȢ ĲȘȢ ȝȘȤĮȞȒȢ Gripper TBM, ʌȠȣ İȓȞĮȚ ĮʌĮȡĮȓĲȘĲİȢ 
ȖȚĮ ĲȘȞ ȝİĲȐįȠıȘ ĲȦȞ įȣȞȐȝİȦȞ ʌȡȩȦıȘȢ.  
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ȈȤȒȝĮ 4.6   : TBM ȝİ ĮıʌȓįĮ. 

 
ȈȤ. 4.7 

 
ȂȚĮ ȝȘȤĮȞȒ TBM ĲȪʌȠȣ ĮıʌȓįĮȢ ȤȦȡȓȢ ȝȘȤĮȞȚıȝȩ ȣʌȠıĲȒȡȚȟȘȢ ĲȠȣ ȝİĲȫʌȠȣ ȝʌȠȡİȓ 
İʌȓıȘȢ ȞĮ İĳĮȡȝȠıșİȓ ĮȞ ĲȠ ʌİȡȓȖȡĮȝȝĮ ĲȘȢ ıȒȡĮȖȖĮȢ įİȞ İȓȞĮȚ İȣıĲĮșȑȢ ȝİ 
ıȣȞȑʌİȚĮ ȞĮ ȝʌȠȡİȓ ȞĮ İʌȚıȣȝȕȠȪȞ țĮĲĮʌĲȫıİȚȢ. ȉȠ țȑȜȣĳȠȢ ĲȘȢ ĮıʌȓįĮȢ ʌȠȣ 
țĮȜȪʌĲİȚ ȩȜȠ ĲȠ ȝȘȤȐȞȘȝĮ ȤȡȘıȚȝİȪİȚ ȦȢ ʌȡȠıȦȡȚȞȒ ȣʌȠıĲȒȡȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ. Ǿ 



ȀİĳȐȜĮȚȠ 4Ƞ  112

ȝȩȞȚȝȘ İʌȑȞįȣıȘ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ ʌȡȠțĮĲĮıțİȣĮıȝȑȞȠȣȢ įĮțĲȪȜȚȠȣȢ ıțȣȡȠįȑȝĮĲȠȢ . 
ȉĮ ıĲȠȚȤİȓĮ ȣʌȠıĲȪȜȦıȘȢ ĲȠʌȠșİĲȠȪȞĲĮȚ țȐĲȦ Įʌȩ ĲȘȞ ʌȡȠıĲĮıȓĮ ĲȠȣ ȠȣȡĮȓȠȣ 
ĲȝȒȝĮĲȠȢ ĲȘȢ ĮıʌȓįĮȢ ʌȠȣ ȠȞȠȝȐȗİĲĮȠ tail-skin. Ȉİ ĮȞĲȓșİıȘ ȝȘ ĲȘȞ Gripper TBM ĲȠ 
ĲİȜİȚȦȝȑȞȠ ĲȝȘȝĮĲȚțȒ ȣʌȠıĲȪȜȦıȘ ȤȡȘıȚȝİȪİȚ ȦȢ ȕȐıȘ ȖȚĮ ĲȘȞ İĳĮȡȝȠȖȒ ĲȘȢ 
įȪȞĮȝȘȢ ʌȡȩȦıȘȢ (ȈȤȒȝĮ 4.6 ). 
 

ǼțıțĮĳȒ ıİ ȀĮĲȠȚțȘȝȑȞİȢ ȆİȡȚȠȤȑȢ Ȓ țȠȞĲȐ ıĲȘȞ ǼʌȚĳȐȞİȚĮ  

Ǿ İțıțĮĳȒ ıİ țĮĲȠȚțȘȝȑȞȘ ʌİȡȚȠȤȒ İȓȞĮȚ ȝȚĮ ȚįȚĮȓĲİȡȘ ʌİȡȓʌĲȦıȘ ȣʌȠȖİȓȠȣ ȑȡȖȠȣ 
țĮșȫȢ ʌȡȑʌİȚ Ș İȜİȪșİȡȘ İʌȚĳȐȞİȚĮ ȞĮ ȝİȓȞİȚ ȩıȠ İȓȞĮȚ įȣȞĮĲȩ ĮįȚĮĲȐȡĮȤĲȘ. ǹȣĲȩ 
ıȘȝĮȓȞİȚ ȩĲȚ ʌȡȑʌİȚ ȞĮ ĮʌȠĳİȣȤșİȓ Ș țĮșȓȗȘıȘ ĲȠȣ İįĮĳȠȣȢ. ǲȞĮȢ ĲȡȩʌȠȢ ȖȚĮ ȞĮ ȖȓȞİȚ 
ĮȣĲȩ İĳȚțĲȩ İȓȞĮȚ ȝİ ĲȘȞ įȚĮĲȒȡȘıȘ ĲȘȢ İįĮĳȚțȒȢ ʌȓİıȘȢ ıĲȠ ȕȐșȠȢ İțıțĮĳȒȢ. Ǿ 
İįĮĳȠʌȚȑıİȚȢ ʌȡȑʌİȚ ȞĮ ʌĮȡİȝȑȞȠȣȞ ıĲĮșİȡȑȢ ĲȩıȠ țĮĲȐ ĲȘȞ įȚȐȡțİȚĮ ĲȠȣ ȑȡȖȠȣ ȩıȠ 
țĮȚ ȝİĲȐ ĲȠ ʌȑȡĮȢ ĲȦȞ İȡȖĮıȚȫȞ țĮĲĮıțİȣȒȢ. ǺİȕĮȓĮ ĮȣĲȩ įİȞ țȐĲȚ ȚįȚĮȚĲȑȡĮ İȪțȠȜȠ 
țĮșȫȢ ıȣȤȞȐ ʌĮȡĮĲȘȡİȓĲĮȚ Ș ʌĮȡȠȣıȓĮ įȣȠ ĲȪʌȦȞ İįȐĳȠȣȢ ıĲȠ ȝȑĲȦʌȠ, ȖȚĮ 
ʌĮȡȐįİȚȖȝĮ, Ș ʌĮȡȠȣıȓĮ ȣȜȚțȠȪ ȣȥȘȜȒȢ ĮȞĲȠȤȒȢ țĮȚ ıȣȞȠȤȒȢ ıĲȠ ʌȩįȚ ĲȘȢ ıȒȡĮȖȖĮȢ 
țĮȚ Ș ʌĮȡȠȣıȓĮ İȞȩȢ ʌȚȠ ȤĮȜĮȡȠȪ ȣȜȚțȠȪ (ʌ.Ȥ įȚĮȕȡȦȝȑȞȠȣ ȣȜȚțȠȪ Ȓ ȐȝȝȠȣ) ıĲȘ 
ıĲȑȥȘ ĲȘȢ ıȒȡĮȖȖĮȢ. Ȉİ ĮȣĲȑȢ ĲȚȢ ʌİȡȚʌĲȫıİȚȢ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȝȘȤĮȞȒȝĮĲĮ ĲȦȞ 
İȟȒȢ ĲȪʌȦȞ: 

x ȆİʌȚİıȝȑȞȠȣ ĮȑȡĮ (CA)  

x ȆȠȜĳȠȪ ȝʌİĲȠȞȓĲȘ (BS), țĮȚ 

x ȉȘȢ  «ȚıȠȡȡȠʌȓĮȢ ʌȓİıȘȢ ȖĮȚȫȞ» (Earth Pressure Balance,EPB) 

ȅ ȝȑșȠįȠȢ ʌİʌȚİıȝȑȞȠȣ ĮȑȡĮ İȓȞĮȚ Ș ʌĮȜĮȚȩĲİȡȘ, ĮȜȜȐ ʌĮȪİȚ ıȚȖȐ-ıȚȖȐ ȞĮ 
ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȜȩȖȦ ĲȦȞ įȣıțȠȜȚȫȞ țĮȚ ʌȡȠȕȜȘȝȐĲȦȞ ȣȖİȓĮȢ, ıĲȠ ȤȫȡȠ İȡȖĮıȓĮȢ. 
ȅȚ ȐȜȜȠȚ įȣȠ ĲȪʌȠȚ įȚȐȞȠȚȟȘȢ (BS țĮȚ EPB) İȓȞĮȚ ʌȡȠĲȚȝȫĲİȡȠȚ Įʌȩ ĲȚȢ ȝİșȩįȠȣȢ 
ĮȞȠȚȤĲȠȪ ȝİĲȫʌȠȣ ıİ țĮĲȠȚțȘȝȑȞİȢ ʌİȡȚȠȤȑȢ țĮȚ ʌĮȡȑȤȠȣȞ țĮĲȐ ʌȠȜȪ țĮȜȪĲİȡȠ 
ȑȜİȖȤȠ ĲȘȢ İįĮĳȚțȒȢ ȝİĲĮĲȩʌȚıȘȢ. ȆĮȡĮțȐĲȦ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıȣȞȠʌĲȚțȐ ȠȚ 
țȣȡȚȩĲİȡİȢ țĮĲȘȖȠȡȓİȢ țȠʌĲȚțȫȞ ȝȘȤĮȞȘȝȐĲȦȞ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıȒȝİȡĮ:  
 

3. ǹıʌȓįİȢ ȝİ ĲȘȞ ȤȡȒıȘ ʌİʌȚİıȝȑȞȠȣ ĮȑȡĮ 
 
ǼȐȞ ȑȤİȚ įȚĮʌȚıĲȦșİȓ Ș ȪʌĮȡȟȘ ȣʌȠȖİȓȠȣ ȪįĮĲȠȢ, ĲȩĲİ ĮȣĲȩ ʌȡȑʌİȚ ȞĮ țȡĮĲȘșİȓ 
ȝĮțȡȚȐ Įʌȩ ĲȠ ȝȑĲȦʌȠ ȝİ ĲȘȞ ȤȡȒıȘ ʌİʌȚİıȝȑȞȠȣ ĮȑȡĮ țĮȚ ȝȘȤĮȞȚțȐ ȝȑıĮ, İțĲȩȢ ĮȞ 
ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ĲĮʌİȓȞȦıȘ ĲȠȣ ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ. ȈĲȠȞ ʌİʌȚİıȝȑȞȠ ĮȑȡĮ 
ȣʌȠȕȐȜȜİĲĮȚ İȓĲİ ȠȜȩțȜȘȡȘ Ș ıȒȡĮȖȖĮ, İȓĲİ ȝȠȞȩ ĲȠ țȠʌĲȚțȩ ȝȘȤȐȞȘȝĮ, ĲȠ ȠʌȠȓȠ 
İȓȞĮȚ İĳȠįȚĮıȝȑȞȠ ȝİ țĮĲȐȜȜȘȜĮ įȚĮĳȡȐȖȝĮĲĮ ȑĲıȚ, ȫıĲİ ȝȠȞȩ Ƞ șȐȜĮȝȠȢ İȡȖĮıȓĮȢ 
ȞĮ ȕȡȓıțİĲĮȚ ȣʌȩ ʌȓİıȘ. 
 
4. ȂȘȤĮȞȒȝĮĲĮ ȠȜȠȝȑĲȦʌȘȢ țȠʌȒȢ ʌȠȜĳȠȪ Ȓ ȞİȡȠȪ (slurry or water shields)  
 
ȉȠ ȝȓȖȝĮ ȝʌİȞĲȠȞȓĲȘ-İįȐĳȠȣȢ ȝİĲĮĳȑȡİĲĮȚ ȣįȡĮȣȜȚțȐ ȝȑıȦ İȞȩȢ ıȦȜȒȞĮ. ȉȠ ȡİȣıĲȩ 
țĮȚ ıĲİȡİȩ ĲȠȣ ȝȓȖȝĮĲȠȢ ȝʌİȞĲȠȞȓĲȘ-İįȐĳȠȣȢ įȚĮȤȦȡȓȗȠȞĲĮȚ Įʌȩ ȑȞĮȞ įȚĮȤȦȡȚıĲȒ 
ʌȠȣ ȕȡȓıțİĲĮȚ ȑȟȦ Įʌȩ ĲȘ ıȒȡĮȖȖĮ. ȂȘȤĮȞȑȢ ȠȜȠȝȑĲȦʌȘȢ țȠʌȒȢ ĮȣĲȠȪ ĲȠȣ ĲȪʌȠȣ 
İĳĮȡȝȩȗȠȞĲĮȚ ıĲȚȢ İȟȒȢ ʌİȡȚʌĲȫıİȚȢ, 

x ǹȞ ĲȠ ȑįĮĳȠȢ ʌȠȣ ʌİȡȚȕȐȜȜİȚ ĲȘȞ İțıțĮĳȒ țĮȚ ĲȠ ȝȑĲȦʌȠ ʌȡȑʌİȚ ȞĮ 
ȣʌȠıĲȘȡȓȗİĲĮȚ Ȓ 
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x ǹȞ ıİ ȑȞĮ ʌȠȜȪ ȣįĮĲȠʌİȡĮĲȩ ȑįĮĳȠȢ ʌȡȑʌİȚ ȞĮ ĮʌȠĳİȣȤșİȓ Ș İȚıȡȠȒ ȪįĮĲȠȢ 
ıĲȘȞ İțıțĮĳȒ. 

 
O șȐȜĮȝȠȢ İțıțĮĳȒȢ ʌȠȣ ȠȞȠȝȐȗİĲĮȚ İʌȓıȘȢ șȐȜĮȝȠȢ ʌȓİıȘȢ, ȕȡȓıțİĲĮȚ ʌȓıȦ Įʌȩ 
ĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ ıĳȡĮȖȓȗİĲĮȚ Įʌȩ ĲȘ ıȒȡĮȖȖĮ ȝİ ȑȞĮ ĲȠȓȤȠ ʌȓİıȘȢ (ȈȤȒȝĮ 4.7Į). 
Ǿ ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ ps ʌȡȑʌİȚ ȞĮ İȟȚıȠȡȡȠʌİȓ ĲȠȣȜȐȤȚıĲȠȞ ĲȘȞ ȠȡȚȗȩȞĲȚĮ ʌȓİıȘ ĲȠȣ 
İįȐĳȠȣȢ ph țĮșȫȢ İʌȓıȘȢ țĮȚ ĲȘȞ ʌȓİıȘ ĲȠȣ ȪįĮĲȠȢ pw (ȈȤȒȝĮ 4.7). ȅȚ ȝȘȤĮȞȑȢ 
ĮıʌȓįĮȢ įȚĮțȡȓȞȠȞĲĮȚ ıİ ĮıʌȓįİȢ ʌȠȜĳȠȪ țĮȚ ĮıʌȓįİȢ ȪįĮĲȠȢ Ȓ ȝȚțĲȑȢ ĮıʌȓįİȢ. ȈĲȘȞ 
ĮıʌȓįĮ ʌȠȜĳȠȪ Ș ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ İȜȑȖȤİĲĮȚ ĮʌİȣșİȓĮȢ ĮȞĲȜȫȞĲĮȢ ĲȠȞ ʌȠȜĳȩ ȝȑıĮ 
Ȓ ȑȟȦ Įʌȩ ĲȠȞ șȐȜĮȝȠ İțıțĮĳȒȢ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȘȢ ĮıʌȓįĮȢ ȪįĮĲȠȢ Ȓ ȝȚțĲȒȢ 
ĮıʌȓįĮȢ, Ș ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ ȡȣșȝȓȗİĲĮȚ ȝİ ȕĮȜȕȓįĮ ʌİʌȚİıȝȑȞȠȣ ĮȑȡĮ ʌȠȣ 
ȕȡȓıțİĲĮȚ ıĲȠȞ șȐȜĮȝȠ ʌȓİıȘȢ ʌȓıȦ Įʌȩ ĲȠȞ ĲȠȓȤȠ ʌȠȣ İȓȞĮȚ ȕȣșȚıȝȑȞȠȢ ıĲȠ Ȟİȡȩ.  
 
ǼȟĮȚĲȓĮȢ ĲȠȣ ȚįȓȠȣ ȕȐȡȠȣȢ ĲȠȣ ʌȠȜĳȠȪ, Ș ʌȓİıȘ ʌȠȣ İȟĮıțİȓĲĮȚ ıĲȠ ȝȑĲȦʌȠ ĮȣȟȐȞİȚ 
ȖȡĮȝȝȚțȐ ȝİ ĲȠ ȕȐșȠȢ (ȈȤȒȝĮ 4.7ȕ). 
 
ȈȪȝĳȦȞĮ ȝİ ĲȠȞ Krause (1987), ĲȠ ʌİįȓȠ İĳĮȡȝȠȖȒȢ ĲȦȞ ĮıʌȓįȦȞ ʌȠȜĳȠȪ 
ʌİȡȚȜĮȝȕȐȞİȚ țȠțțȠȝİĲȡȓİȢ İįĮĳȫȞ ʌȠȣ ȤĮȡĮțĲȘȡȓȗȠȞĲĮȚ ıĮȞ ȐȝȝȠȚ țĮȚ ȜİʌĲȠȝİȡȒ 
ȤĮȜȓțȚĮ. ȉȠ ʌȠıȠıĲȩ ĲȘȢ ȚȜȪȠȢ ȝİ ȝİıĮȓȠȣ Ȓ ȝİȖȐȜȠȣ ȝİȖȑșȠȣȢ țȩțțȦȞ įİȞ ʌȡȑʌİȚ ȞĮ 
ȣʌİȡȕĮȓȞİȚ ĲȠ 30%. ȈĲȘȞ ʌİȡȓʌĲȦıȘ İįĮĳȫȞ ȝİ ʌȠıȠıĲȐ ıȣȞİțĲȚțȫȞ țȩțțȦȞ 
ȝİȖĮȜȪĲİȡĮ Įʌȩ ĮȣĲȩ ȣʌȐȡȤİȚ ĲȠ ȡȓıțȠ ĲȘȢ İʌȚțȩȜȜȘıȘȢ ıĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ Ȓ ıĲȠȞ 
șȐȜĮȝȠ İțıțĮĳȒȢ. ǼʌȚʌȡȠıșȑĲȦȢ ĲĮ ıȣȞİțĲȚțȐ İįȐĳȘ ĮʌĮȚĲȠȪȞ ȝİȖĮȜȪĲİȡȠ ȑȡȖȠ 
įȚĮȤȦȡȚıȝȠȪ ĲȠȣ ȝȓȖȝĮĲȠȢ ȝʌİȞĲȠȞȓĲȘ-İįȐĳȠȣȢ ȈȤȒȝĮ 4.7Ȗ.  
 
 

 
(Į) 
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(ȕ) 

 
(Ȗ) 

 
ȈȤȒȝĮ 4.7: (Į) ǹıʌȓįĮ ȝİ ȤȡȒıȘ ʌȠȜĳȠȪ Ȓ ȞİȡȠȪ,  (ȕ) ĮȡȤȒ ĲȘȢ ȝİșȩįȠȣ ȣʌȠıĲȒȡȚȟȘȢ ĲȠȣ ȝİĲȫʌȠȣ, (Ȗ) 

ʌİįȓȠ İĳĮȡȝȠȖȒȢ ĲȦȞ ĮıʌȓįȦȞ ʌȠȜĳȠȪ ĮȞȐȜȠȖĮ ȝİ ĲȘȞ țȠțțȠȝİĲȡȓĮ ĲȦȞ ĲȦȞ İįĮĳȫȞ. 
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5. ǹıʌȓįİȢ ȝİ ȚıȠȡȡȠʌȓĮ ʌȓİıȘȢ  ȖĮȚȫȞ (EPB) 
 
ȈĲȘȞ ĮıʌȓįĮ ȚıȠȡȡȠʌȓĮȢ ȖĮȚȫȞ ĲȠ ȝȑĲȦʌȠ ıȣȖțȡĮĲİȓĲĮȚ ȝİ ĲȘ ȤȡȒıȘ ĲȠȣ İȟȠȡȣȖȝȑȞȠȣ 
İįȐĳȠȣȢ Ȓ ʌİĲȡȫȝĮĲȠȢ ʌȠȣ ȑȤȠȣȞ ȜȐȕİȚ ĲȘ ȝȠȡĳȒ ȜȐıʌȘȢ ȈȤȒȝĮ 4.8. Ǿ ȜȐıʌȘ ĮȣĲȒ 
ıȤȘȝĮĲȓȗİĲĮȚ ȝİ ĲȘ ȕȠȒșİȚĮ ĲȦȞ țȠʌĲȚțȫȞ İȡȖĮȜİȓȦȞ țĮȚ ĲȦȞ İȡȖĮȜİȓȦȞ ĮȞȐȝȚȟȘȢ 
ıĲȠ ȝȑĲȦʌȠ țĮȚ ıĲȠȞ șȐȜĮȝȠ İțıțĮĳȒȢ țĮȚ ȝİ ĲȘ ȕȠȒșİȚĮ ȣȖȡȫȞ Ȓ ĮĳȡȦįȫȞ ȝȑıȦȞ. 
ȅ șȐȜĮȝȠȢ İțıțĮĳȒȢ, ʌȠȣ ȕȡȓıțİĲĮȚ ȣʌȩ ʌȓİıȘ (ĲȠ ʌȠȜȪ 5 atm), İȓȞĮȚ įȚĮȤȦȡȚıȝȑȞȠȢ 
Įʌȩ ĲȘȞ ȣʌȩȜȠȚʌȘ ıȒȡĮȖȖĮ ȝİ ĲȘ ȤȡȒıȘ ıĲİȖĮȞȫȞ įȚĮĳȡĮȖȝȐĲȦȞ. ȉȠ İįĮĳȚțȩ ȣȜȚțȩ 
ĮʌȠȝĮțȡȪȞİĲĮȚ, Įʌȩ ĲȠ ȝȑĲȦʌȠ, ȝİ ĲȘ ȤȡȒıȘ țȠʌĲȚțȫȞ, ĲĮ ȠʌȠȓĮ İȓȞĮȚ 
ʌȡȠıĮȡȝȠıȝȑȞĮ ıĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ țĮȚ ıĲȘȞ ıȣȞİȤİȓĮ ȝİ ĲȘ ȤȡȒıȘ țȠȤȜȓĮ, Ƞ 
ȠʌȠȓȠȢ ĲĮ ȝİĲĮĳȑȡİȚ ıĲȘȞ ĮĲȝȠıĳĮȚȡȚțȒ ʌȓİıȘ țĮȚ ȝĮțȡȚȐ Įʌȩ ĲȠ ȝȑĲȦʌȠ.  

 

 
 

ȈȤȒȝĮ 4.8: ǹıʌȓįİȢ ȝİ ȚıȠȡȡȠʌȓĮ ȖĮȚȫȞ (ǼPB’s). 
 
ȉĮ ȝȘȤĮȞȒȝĮĲĮ EPB ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıİ ĲȝȒȝĮĲĮ ıȒȡĮȖȖȠȢ ʌȠȣ ȕȡȓıțȠȞĲĮȚ ıİ 
ȑįĮĳȠȢ țĮȚ ʌȑĲȡȦȝĮ ȝĮȗȓ. ǼĳĮȡȝȩȗȠȞĲĮȚ İʌȓıȘȢ ıİ ȝİĲĮȕĮȜȜȩȝİȞİȢ ȖİȦȜȠȖȚțȑȢ 
ıȣȞșȒțİȢ Ȓ ıİ ȝȚțĲȑȢ ȖİȦȜȠȖȓİȢ ȝİĲȫʌȦȞ țĮȚ ıİ ʌȠȜȪ ĮʌȠıĮȡșȡȦȝȑȞĮ ʌİĲȡȫȝĮĲĮ. 
ǼʌȠȝȑȞȦȢ İțĲȩȢ Įʌȩ ĲȠȣȢ įȓıțȠȣȢ țȠʌȒȢ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ țĮȚ ıȣȡĲȚțȐ țȠʌĲȚțȐ 
įȩȞĲȚĮ (drag picks) ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ țĮȚ ıĲĮ ȝȘȤĮȞȒȝĮĲĮ ıȘȝİȚĮțȒȢ țȠʌȒȢ 
(roadheaders) ĲĮ ȠʌȠȓĮ șȡȣȝȝĮĲȓȗȠȣȞ ĲĮ İįȐĳȘ țĮȚ ĲĮ ʌİĲȡȫȝĮĲĮ ȝȚțȡȒȢ ĮȞĲȠȤȒȢ. 
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ȈȤȒȝĮ 4.9. ȈȤİįȚĮıȝȩȢ țȠʌĲȚțȒȢ țİĳĮȜȒȢ EPB. ĭĮȓȞȠȞĲĮȚ ĲĮ ĮȞȠȓȖȝĮĲĮ, ȠȚ țȠʌĲȚțȠȓ 

įȓıțȠȚ țĮȚ ĲĮ ıȣȡĲȚțȐ įȩȞĲȚĮ. 
 
 
Ǿ ʌȓİıȘ ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıĲȠȞ ĲȠȓȤȠ ʌȓİıȘȢ Įʌȩ ĲȠȣȢ ȣįȡĮȣȜȚțȠȪȢ țȣȜȓȞįȡȠȣȢ 
ʌȡȠȫıİȦȢ ȝİĲĮĳȑȡİĲĮȚ ıĲȘȞ İįĮĳȚțȒ ȜȐıʌȘ țĮȚ ʌĮȡĮțȠȜȠȣșİȓĲĮȚ ȝİ ʌȚİıȩȝİĲȡĮ ʌȠȣ 
ĲȠʌȠșİĲȠȪȞĲĮȚ ıĲȠȞ ĲȠȓȤȠ ʌȓİıȘȢ.  
 
Ǿ İįĮĳȚțȒ ȜȐıʌȘ ȝİĲĮĳȑȡİĲĮȚ ȑȟȦ Įʌȩ ĲȠȞ șȐȜĮȝȠ İțıțĮĳȒȢ ȝİ ĲȘ ȕȠȒșİȚĮ 
țȠȤȜȚȦĲȠȪ ȝİĲĮĳȠȡȑĮ. Ǿ ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ ps İȜȑȖȤİĲĮȚ ȝİ ĲȘȞ ĲĮȤȪĲȘĲĮ 
ʌȡȠȤȫȡȘıȘȢ v ĲȠȣ TBM țĮȚ ĲȘȢ ĲĮȤȪĲȘĲĮȢ ʌİȡȚıĲȡȠĳȒȢ ĲȠȣ țȠȤȜȚȦĲȠȪ 
ȝİĲĮĳȠȡȑĮ n. H ȝİȓȦıȘ ĲȘȢ ĲĮȤȪĲȘĲĮȢ v țĮȚ Ș ĮȪȟȘıȘ ĲȘȢ ȖȦȞȚĮțȒȢ ĲĮȤȪĲȘĲĮȢ  n  
ʌȡȠțĮȜİȓ ȝİȓȦıȘ ĲȘȢ ps. Ǿ ĮȪȟȘıȘ ĲȘȢ ĲĮȤȪĲȘĲĮȢ ʌȡȠȤȫȡȘıȘȢ v țĮȚ Ș ȝİȓȦıȘ ĲȘȢ n 
ʌȡȠțĮȜİȓ ĮȪȟȘıȘ ĲȘȢ ʌȓİıȘȢ ȣʌȠıĲȒȡȚȟȘȢ ps. ȈȤȒȝĮ 4.10 
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ȈȤȒȝĮ 4.10. ǹȡȤȒ ĲȘȢ ȝİșȩįȠȣ ȣʌȠıĲȒȡȚȟȘȢ ĲȠȣ ȝİĲȫʌȠȣ ıĲĮ ȝȘȤĮȞȒȝĮĲĮ EPB. 

 
īȚĮ ĲȘȞ ȝİĲĮĲȡȠʌȒ ĲȦȞ İȟȠȡȣȝȑȞȦȞ ĲİȝĮȤȓȦȞ İįȐĳȠȣȢ țĮȚ ʌİĲȡȫȝĮĲȠȢ ıİ İįĮĳȚțȒ 
ȜȐıʌȘ, ʌȡȠıĲȓșİȞĲĮȚ ıĲȠ ȝȑĲȦʌȠ țĮȚ ıĲȠȞ șȐȜĮȝȠ İțıțĮĳȒȢ įȚȐĳȠȡĮ ȝȑıĮ ȩʌȦȢ 
įȚĮȜȪȝĮĲĮ ĮȡȖȓȜȦȞ, ʌȠȜȣȝİȡȫȞ țĮȚ ĮĳȡȫȞ (conditioning agents). ȈȤȒȝĮ 4.11 
 

 
ȈȤȒȝĮ 4.11 ȆİįȓĮ İĳĮȡȝȠȖȒȢ ĲȦȞ EPB’s (Maidl, 1995). 

 
ȅȚ ĮʌĮȚĲȒıİȚȢ ȖȚĮ ĲȘȞ İĳĮȡȝȠȖȒ ĲȦȞ EPBǯs ıİ ʌİĲȡȫȝĮĲĮ İȓȞĮȚ ȠȚ İȟȒȢ: 
- ȉȠ İȟȠȡȣȖȝȑȞȠ ʌȑĲȡȦȝĮ ȝʌȠȡİȓ ȞĮ ȝİĲĮĲȡĮʌİȓ ıİ İįĮĳȚțȒ ȜȐıʌȘ ĮțȩȝĮ țĮȚ ȝİ ĲȘȞ 
İĳĮȡȝȠȖȒ ĲȦȞ ȤȘȝȚțȫȞ ȝȑıȦȞ ʌȠȣ ʌȡȠĮȞĮĳȑȡșȘțĮȞ, 
- ȝʌȠȡİȓ ȞĮ ʌĮȡĮȤșİȓ Ș ȝİȖȐȜȘ ȡȠʌȒ ıĲȡȑȥȘȢ ʌȠȣ ĮʌĮȚĲİȓĲĮȚ (can be carried by skin 
friction and inclination of the thrust cylinders) țĮȚ, 
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 - Ș İįĮĳȚțȒ ȜȐıʌȘ ʌȠȣ ʌĮȡȐȖİĲĮȚ ȝʌȠȡİȓ ȞĮ İȞĮʌȠĲİșİȓ ȝİ ȠȚțȠȜȠȖȚțȩ ĲȡȩʌȠ.  
 

 
ȆȓȞĮțĮȢ 4.1 ȆİįȓĮ İĳĮȡȝȠȖȒȢ ĲȦȞ įȚĮĳȩȡȦȞ ĲȪʌȦȞ țȠʌĲȚțȫȞ İȡȖĮȜİȓȦȞ 
(Girmscheid, 1997). 

 
 
 

4.2 ȂȑșȠįȠȚ ǵȡȣȟȘȢ ȤȦȡȓȢ ȉȐĳȡȠ 
 
ȅȚ ȝȑșȠįȠȚ ȩȡȣȟȘȢ ȤȦȡȓȢ ĲȐĳȡȠ (TEC-Trenchless Excavation Construction) 
ʌİȡȚȜĮȝȕȐȞȠȣȞ ȩȜİȢ ĲȚȢ ȝİșȩįȠȣȢ ĲȠʌȠșȑĲȘıȘȢ İȖțĮĲĮıĲȐıİȦȞ țȠȚȞȒȢ ȦĳȑȜİȚĮȢ (Ȝ.Ȥ, 
ȣįȡĮȣȜȚțȐ, ȘȜİțĲȡȚțȐ įȓțĲȣĮ ț.Ȝʌ), țȐĲȦ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ ȤȦȡȓȢ ĲȘ įȚȐȞȠȚȟȘ 
ĮȞȠȚȤĲȫȞ ĲȐĳȡȦȞ ȈĲȠ ȈȤȒȝĮ 4.12 ĮʌȠĲȣʌȫȞȠȞĲĮȚ ıȤȘȝĮĲȚțȐ ȠȚ ȝȑșȠįȠȚ įȚȐȞȠȚȟȘȢ 
ıȘȡȐȖȖȦȞ  ȩʌȦȢ ĮȣĲȑȢ įȚĮĲȓșİȞĲĮȚ țĮȚ İĳĮȡȝȩȗȠȞĲĮȚ ıĲȚȢ ǾȞȦȝȑȞİȢ ȆȠȜȚĲİȓİȢ. ǹȣĲȩ 
ĲȠ ıȪıĲȘȝĮ ȤȦȡȓȗİĲĮȚ ıİ ĲȡİȚȢ ȕĮıȚțȑȢ țĮĲȘȖȠȡȓİȢ : 
� ȂȑșȠįȠȢ Horizontal Earth Boring (HEB)  
� Pipe Jacking (PJ) 
� ǹȖȦȖȠȓ țȠȚȞȒȢ ȦĳȑȜİȚĮȢ ( Utility Tunneling-UT)  
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ȈȤȒȝĮ 4.12:  ȂȑșȠįȠȚ ȝȚțȡȠıȘȡȐȖȖȦȞ 

 
Ǿ ȝȑșȠįȠȢ HEB ʌİȡȚȜĮȝȕȐȞİȚ ȝİșȩįȠȣȢ ıĲȚȢ ȠʌȠȓİȢ Ș įȚȐȞȠȚȟȘ ĲȘȢ ȝȚțȡȠıȒȡĮȖȖĮȢ 
İʌȚĲȣȖȤȐȞİĲĮȚ ȝȑıȦ ȝȘȤĮȞȠțȓȞȘĲȠȣ İȟȠʌȜȚıȝȠȪ ȤȦȡȓȢ ĲȘȢ ʌĮȡȠȣıȓĮ ʌȡȠıȦʌȚțȠȪ ıĲȠ 
ȩȡȣȖȝĮ. ȅȚ ȐȜȜİȢ įȪȠ ȝȑșȠįȠȚ  (PJ-UT) ĮʌĮȚĲȠȪȞ ĲȘȞ ʌĮȡȠȣıȓĮ ĲȠȣ ʌȡȠıȦʌȚțȠȪ, 
țĮĲȐ ĲȘȞ įȚȐȡțİȚĮ ĲȘȢ İțıțĮĳȒȢ țĮȚ ĲȘȢ șİȝİȜȓȦıȘȢ ĲȠȣ ȝȘȤĮȞȒȝĮĲȠȢ ȝȑıĮ ıĲȠ 
ȩȡȣȖȝĮ. 
 
ȆĮȡ’ ȩȜĮ ĮȣĲȐ Ș ȝȑșȠįȠȢ Pipe Jacking ȑȤİȚ įȚĮĳȠȡȠʌȠȚȘșİȓ Įʌȩ ĲȘȞ ȝȑșȠįȠ ĲȦȞ 
ĮȖȦȖȫȞ țȠȚȞȒȢ ȦĳȑȜİȚĮȢ ıĲȠȞ ĲȠȝȑĮ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ. Ǿ ȝȑșȠįȠȢ Pipe Jacking 
ȤȡȘıȚȝȠʌȠȚİȓ ʌȡȠțĮĲĮıțİȣĮıȝȑȞȠȣȢ ıȦȜȒȞİȢ (ǼȚțȩȞĮ 2.10). ȉĮ ȣįȡĮȣȜȚțȐ ȑȝȕȠȜĮ 
ıȣıĲȑȜȜȠȞĲĮȚ țĮȚ Ƞ ıȦȜȒȞĮȢ ĲȠʌȠșİĲİȓĲĮȚ ıĲȠ ĲȑȜȠȢ ĲȠȣ ĮȖȦȖȠȪ Įʌȩ ȩʌȠȣ țĮȚ 
ʌȡȠȦșİȓĲĮȚ ȠȜȩțȜȘȡȠȢ Ƞ ĮȖȦȖȩȢ . 
 
ǹʌȩ ĲȘȞ ȐȜȜȘ ıĲȠȣȢ ĮȖȦȖȠȪȢ țȠȚȞȒȢ ȦĳȑȜİȚĮȢ, ʌĮȡȩȜȠ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞ ĲȠȞ ȓįȚȠ 
İțıțĮʌĲȚțȩ İȟȠʌȜȚıȝȩ, Ș ȝȑșȠįȠȢ ȣʌȠıĲȒȡȚȟȘȢ ĲȠȣ ȠȡȪȖȝĮĲȠȢ įȚĮĳȑȡİȚ. ȀĮĲ’ ĮȡȤȐȢ 
țĮĲĮıțİȣȐȗİĲĮȚ ıĲȠ İȡȖȠĲȐȟȚȠ țĮȚ ʌİȡȚȜĮȝȕȐȞİȚ ĲıȚȝİȞĲȑȞȚİȢ ʌȜȐțİȢ țĮșȫȢ țĮȚ 
ȤĮȜȪȕįȚȞȠȣȢ įĮțĲȣȜȓȠȣȢ ȝİ İȞįȚȐȝİıȘ ȟȪȜȚȞȘ ȣʌȠıĲȒȡȚȟȘ.  
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ȈȤȒȝĮ 4.13: ȆȡȠțĮĲĮıțİȣĮıȝȑȞȠȚ ıȦȜȒȞİȢ ȠȝȕȡȓȦȞ ȣįȐĲȦȞ 

 
ǻİȞ ȣʌȐȡȤİȚ ȝȑșȠįȠȢ TEC ʌȠȣ ȞĮ ȝʌȠȡİȓ ȞĮ İĳĮȡȝȠıĲİȓ ıİ țȐșİ ʌİȡȓʌĲȦıȘ. ǼȓȞĮȚ 
ıȘȝĮȞĲȚțȩ Ƞ țĮĲĮıțİȣĮıĲȒȢ, Ƞ ıȤİįȚĮıĲȒȢ, Ș ȡȣșȝȚıĲȚțȒ ȠȝȐįĮ ĲȠȣ ȑȡȖȠȣ țĮȚ ȖİȞȚțȐ 
ȠʌȠȚȠıįȒʌȠĲİ ĮıȤȠȜİȓĲĮȚ ȝİ ĲȚȢ ȝİșȩįȠȣȢ TEC, ȞĮ ȖȞȦȡȓȗȠȣȞ ĲȚȢ įȣȞĮĲȩĲȘĲİȢ ĲȘȢ 
țȐșİ ȝİșȩįȠȣ țĮșȫȢ țȐʌȠȚİȢ ȝȑșȠįȠȚ ʌȡȠıĳȑȡȠȣȞ ȝİȖĮȜȪĲİȡȘ İȣțȚȞȘıȓĮ Įʌȩ 
țȐʌȠȚİȢ ȐȜȜİȢ ȁȩȖȦ ĲȦȞ ıȣȞİȤȫȢ ĮȣȟĮȞȩȝİȞȦȞ ĮȞȐȖțȦȞ ȞĮ İȖțĮșȓıĲĮȞĲĮȚ ĮȖȦȖȠȓ 
ȖİȞȚțȒȢ ȤȡȒıİȦȢ ıİ ʌȣțȞȠțĮĲȠȚțȘȝȑȞİȢ ʌİȡȚȠȤȑȢ, ĮȣȟȐȞİĲĮȚ țĮȚ Ș ĮȞȐȖțȘ ȖȚĮ ȩȡȖĮȞĮ 
ȣȥȘȜȒȢ ĮțȡȚȕİȓĮȢ. ǺȑȕĮȚĮ ȠȚ ıȣȞșȒțİȢ ȝʌȠȡİȓ ȞĮ įȚĮĳȑȡȠȣȞ Įʌȩ ʌİȡȓʌĲȦıȘ ıİ 
ʌİȡȓʌĲȦıȘ.  īȚĮ ʌĮȡȐįİȚȖȝĮ: ǹ) ȝȑșȠįȠȚ  ʌȠȣ İȓȞĮȚ țĮĲȐȜȜȘȜİȢ ȖȚĮ ıȣȝʌĮȖȒ ȐȡȖȚȜȠ 
ȝʌȠȡİȓ ȞĮ ȝȘȞ İȓȞĮȚ țĮĲȐȜȜȘȜİȢ ȖȚĮ ȣȖȡȒ ȐȝȝȠ, țĮȚ Ǻ) Ș ĮțȡȓȕİȚĮ ʌȠȣ ĮʌĮȚĲİȓĲĮȚ ȖȚĮ 
ĲȘȞ țĮĲĮıțİȣȒ ĮʌȠȤİĲİȣĲȚțȠȪ ĮȖȦȖȠȪ įİȞ İȓȞĮȚ ıȣȞȒșȦȢ Ș ȓįȚĮ ȖȚĮ ĮȖȦȖȠȪȢ ʌȠȣ 
ĳȑȡȠȣȞ țĮȜȫįȚĮ ȘȜİțĲȡȚțȠȪ ȡİȪȝĮĲȠȢ Ȓ ıȦȜȒȞİȢ ȖĮȚĮİȡȓȠȣ, ȣȥȘȜȒȢ ʌȓİıȘȢ. 
 
ȆİȡȚȖȡĮĳȒ ĲȘȢ ȂİșȩįȠȣ 
Ǿ įȚȐȞȠȚȟȘ ȝȚțȡȠıȘȡȐȖȖȦȞ ȝİ ĲĮȣĲȩȤȡȠȞȘ ȣįȡĮȣȜȚțȒ ʌȡȠȫșȘıȘ ıȦȜȒȞȦȞ (pipe 
jacking), İȓȞĮȚ ȝȚĮ ȝȑșȠįȠȢ İȖțĮĲȐıĲĮıȘȢ, İʌȚįȚȩȡșȦıȘȢ Ȓ ĮȞĲȚțĮĲȐıĲĮıȘȢ ȣʌȩȖİȚȦȞ 
ĮȖȦȖȫȞ, ȠȤİĲȫȞ țȜʌ. ǿıȤȣȡȠȓ ȣįȡĮȣȜȚțȠȓ ʌȡȠȦșȘĲȑȢ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȖȚĮ ȞĮ 
ȦșȒıȠȣȞ ĲȚȢ İȚįȚțȐ țĮĲĮıțİȣĮıȝȑȞİȢ ıȦȜȒȞİȢ ȝȑıĮ ıĲȠ ȑįĮĳȠȢ ʌȓıȦ Įʌȩ ĲȠȞ 
İțıțĮĳȑĮ ʌĮȡȐȜȜȘȜĮ ȝİ ĲȘȞ İțıțĮĳȒ. Ǿ ȝȑșȠįȠȢ ĮȣĲȒ ʌȡȠıĳȑȡİȚ ȑȞĮȞ İȣȑȜȚțĲȠ, 
ıȣȝʌĮȖȒ, ȣįĮĲȠıĲİȖȒ țĮȚ ȠȜȠțȜȘȡȦȝȑȞȠ ĮȖȦȖȩ ȩıȠ ĮȣĲȩȢ įȚĮȞȠȓȖİĲĮȚ.  
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ȈȤȒȝĮ 4.14: ĭȡİȐȡ İȡȖĮıȓĮȢ 

 
ǻİȞ ȣʌȐȡȤİȚ țĮȞȑȞĮ șİȦȡȘĲȚțȩ ȩȡȚȠ ȖȚĮ ĲȠ ȝȒțȠȢ ĲȠȣ ĮȖȦȖȠȪ ʌȠȣ șĮ țĮĲĮıțİȣĮıĲİȓ, 
ʌĮȡȩȜȠ ʌȠȣ Ș ȖİȦĲİȤȞȚțȑȢ ʌĮȡȐȝİĲȡȠȚ țĮȚ ĲĮ ȠȚțȠȞȠȝȚțȐ ĲȠȣ ȑȡȖȠȣ ȝʌȠȡİȓ ȞĮ 
įȫıȠȣȞ ʌİȡȚȠȡȚıȝȠȪȢ. ȅįȘȖȠȓ ıİ ȝȒțȠȢ ȝİȡȚțȫȞ İțĮĲȠȞĲȐįȦȞ ȝȑĲȡȦȞ Ȓ ıİ ĲȩȟȠ 
ȑȤȠȣȞ ʌȜȑȠȞ țĮșȚİȡȦșİȓ ıĮȞ ȡȠȣĲȓȞĮ. ǲȞĮȢ ĮȡȚșȝȩȢ ıȣıĲȘȝȐĲȦȞ įȚȐȞȠȚȟȘȢ İȓȞĮȚ 
ʌȜȑȠȞ įȚĮșȑıȚȝĮ ıĲȘȞ ĮȖȠȡȐ. Ȉİ ĮȣĲȐ ʌİȡȚȜĮȝȕȐȞȠȞĲĮȚ ȤİȚȡȠțȓȞȘĲĮ, ȝȘȤĮȞȠțȓȞȘĲĮ, 
țĮȚ ȝȑıȦ ĲȘȜİȤİȚȡȚıȝȠȪ. ȅȚ țĮĲĮıțİȣĮıĲȚțȑȢ ĮȞȠȤȑȢ İȓȞĮȚ ıȣȝȕĮĲȑȢ ȝİ ȐȜȜİȢ 
ȝİșȩįȠȣȢ įȚȐȞȠȚȟȘȢ ıȘȡȐȖȖȦȞ țĮȚ Ș ȝȑșȠįȠȢ ĮȣĲȒ ʌĮȡȠȣıȚȐȗİȚ İȜȐȤȚıĲȘ 
ȣʌİȡİțıțĮĳȒ țĮȚ țĮĲȐ ıȣȞȑʌİȚĮ țĮȜȪĲİȡȘ İįĮĳȚțȒ ȣʌȠıĲȒȡȚȟȘ.  
 
ȅȚ ȝȑșȠįȠȚ İțıțĮĳȒȢ İȓȞĮȚ ʌĮȞȠȝȠȚȩĲȣʌȠȚ ȝİ ĮȣĲȑȢ ȐȜȜȦȞ ĲȡȩʌȦȞ įȚȐȞȠȚȟȘȢ 
ıȘȡȐȖȖȦȞ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢ İȓĲİ ȤİȚȡȠțȓȞȘĲȠ İȓĲİ ȝȘȤĮȞȠțȓȞȘĲȠ ĲȡȩʌȠ įȚȐȞȠȚȟȘȢ. 
ǼʌȓıȘȢ ĮıʌȓįİȢ, ȣʌȠıĲȒȡȚȟȘ İțıțĮĳȒȢ țĮȚ ȝİĲȫʌȠȣ ȝʌȠȡȠȪȞ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ 
ȖȚĮ ȑȞĮ ȝİȖȐȜȠ İȪȡȠȢ İįĮĳȫȞ. ȆȡȠțİȚȝȑȞȠȣ ȞĮ İȖțĮĲĮıĲĮșİȓ ȑȞĮȢ ĮȖȦȖȩȢ ȝİ ĮȣĲȒ ĲȘ 
ȝȑșȠįȠ ĮʌĮȚĲȠȪȞĲĮȚ ȑȞĮ ʌȘȖȐįȚ ʌȡȠȫșȘıȘȢ țĮȚ ȑȞĮ ʌȘȖȐįȚ ȣʌȠįȠȤȒȢ, ıĲȠ ĲȑȜȠȢ ĲȠȣ 
ĮȖȦȖȠȪ, Įʌ’ ȩʌȠȣ șĮ ĮȞĮıȣȡșİȓ Ƞ İțıțĮĳȑĮȢ. ȅȚ įȚĮıĲȐıİȚȢ țĮȚ Ș țĮĲĮıțİȣȒ ĲȠȣ 
ĳȡİȐĲȚȠȣ ʌȡȠȫșȘıȘȢ ȝʌȠȡİȓ ȞĮ ʌȠȚțȓȜİȚ ıȪȝĳȦȞĮ ȝİ ĲȚȢ ĮʌĮȚĲȒıİȚȢ, İȓĲİ 
ȠȚțȠȞȠȝȚțȑȢ, İȓĲİ ĲİȤȞȚțȑȢ, ȝİ ĲȚȢ ʌȡȫĲİȢ ȞĮ ʌĮȓȗȠȣȞ ĲȠȞ ıȘȝĮȞĲȚțȩĲİȡȠ ȡȩȜȠ.  
 
Ǿ ȝȘȤĮȞȠʌȠȚȘȝȑȞȘ İțıțĮĳȒ ȝʌȠȡİȓ ȞĮ ĮʌĮȚĲİȓ ȝİȖĮȜȪĲİȡĮ ĳȡİȐĲȚĮ ʌȡȠȫșȘıȘȢ Įʌȩ 
ȩĲȚ Ș ȤİȚȡȠțȓȞȘĲȘ İțıțĮĳȒ, İȞȫ ĲȠ ĳȡİȐȡ ȣʌȠįȠȤȒȢ ȑȤİȚ ıĮĳȫȢ ȝȚțȡȩĲİȡİȢ 
įȚĮıĲȐıİȚȢ ʌȡȠțİȓȝİȞȠȣ ȞĮ ĮȞĲȚȝİĲȦʌȚıĲȠȪȞ ʌȚșĮȞȑȢ įȣıțȠȜȓİȢ ĲȠʌȠșȑĲȘıȘȢ ĲȠȣ. 
ǲȞĮȢ ĲȠȓȤȠȢ ȫıȘȢ țĮĲĮıțİȣȐȗİĲĮȚ ȫıĲİ ȝȑıȦ ĲȘȢ ĮȞĲȓįȡĮıȘȢ, ʌȠȣ ʌȡȠțĮȜİȓĲĮȚ Įʌȩ 
ĲȘȞ įȡȐıȘ ĲȦȞ İȝȕȩȜȦȞ, ȞĮ ʌȡȠȦșİȓĲĮȚ  ĮȖȦȖȩȢ. Ȉİ ȤĮȜĮȡȐ İįȐĳȘ ʌȐııĮȜȠȚ Ȓ ȐȜȜȠȚ 
ĲȡȩʌȠȚ șİȝİȜȓȦıȘȢ ĲȘȢ ʌȜȐĲȘȢ ȝʌȠȡİȓ ȞĮ ĮʌĮȚĲȘșȠȪȞ ʌȡȠțİȓȝİȞȠȣ ȞĮ ĮȣȟȘșİȓ Ș 
įȪȞĮȝȘ ĮȞĲȓįȡĮıȘȢ ĲȠȣ ĲȠȓȤȠȣ ȫıȘȢ. Ȉİ ʌİȡȚȠȤȑȢ ȩʌȠȣ ĲȠ ȕȐșȠȢ İțıțĮĳȒȢ įİȞ İȓȞĮȚ 
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ĮȡțİĲȩ ȫıĲİ ȞĮ țĮĲĮıțİȣĮıĲİȓ ĲȠȓȤȠȢ ȫıȘȢ, Ș ĮȞĲȓįȡĮıȘ ĲȘȢ ȫıȘȢ ʌȡȑʌİȚ ȞĮ 
ĮȞĲȚıĲĮșȝȚıĲİȓ ȝİ ȐȜȜȠȣ İȓįȠȣȢ  șİȝİȜȚȫıİȚȢ ʌȠȣ ȞĮ ȝʌȠȡȠȪȞ ȞĮ ʌĮȡĮȜȐȕȠȣȞ 
ȠȡȚȗȩȞĲȚĮ ĳȠȡĲȓĮ. 
 
ǲȝȕȠȜĮ ȣȥȘȜȒȢ ȣįȡĮȣȜȚțȒȢ ʌȓİıȘȢ įȓȞȠȣȞ ȚțĮȞȠʌȠȚȘĲȚțȑȢ įȣȞȐȝİȚȢ ȫıȘȢ 
ʌȡȠțİȚȝȑȞȠȣ ȞĮ ʌȡȠȦșȘșȠȪȞ ĲıȚȝİȞĲȑȞȚȠȚ ĮȖȦȖȠȓ. Ǿ įȚȐȝİĲȡȠȢ ĲȠȣ İȝȕȩȜȠȣ țĮșȫȢ 
țĮȚ ȝȒțȠȢ ĲȠȣ İȝȕȩȜȠȣ ʌȡȠıĮȡȝȩȗȠȞĲĮȚ ĮȞȐȜȠȖĮ ȝİ ĲȚȢ İțȐıĲȠĲİ ĮʌĮȚĲȒıİȚȢ. 
ȆȡȠțİȚȝȑȞȠȣ ȞĮ İȟĮıĳĮȜȚıĲİȓ Ș ȚıȠțĮĲĮȞȠȝȒ ĲȦȞ įȣȞȐȝİȦȞ ıĲȠȞ ĮȖȦȖȩ, 
ĲȠʌȠșİĲİȓĲĮȚ ȑȞĮȢ įĮțĲȪȜȚȠȢ ĮȞȐȝİıĮ ıĲĮ ȑȝȕȠȜĮ țĮȚ ĲȘȞ ıȦȜȒȞĮ. ȉĮ ȑȝȕȠȜĮ 
ȡȣșȝȓȗȠȞĲĮȚ ȫıĲİ ȞĮ ȑȤȠȣȞ ĲȘȞ ȓįȚĮ įȪȞĮȝȘ țĮȚ İʌȚȝȒțȣȞıȘ. ȅ ĮȡȚșȝȩȢ ĲȦȞ İȝȕȩȜȦȞ 
ȝʌȠȡİȓ ȞĮ ʌȠȚțȓȜİȚ (ʌȐȞĲĮ ȗȣȖȩȢ ĮȡȚșȝȩȢ) ĮȞȐȜȠȖĮ ȝİ ĲȠ ȝȑȖİșȠȢ ĲȠȣ ĮȖȦȖȠȪ, ĲȠȞ 
ĲȪʌȠ ĲȠȣ İįȐĳȠȣȢ, ĲȘȞ įȪȞĮȝȘ ĲȦȞ İȝȕȩȜȦȞ țĮȚ ĲȠ ıȣȞȠȜȚțȩ ȝȒțȠȢ ĲȠȣ ĮȖȦȖȠȪ . 
 
4.3 ȆȜİȠȞİțĲȒȝĮĲĮ & ȂİȚȠȞİțĲȒȝĮĲĮ ĲȦȞ ȂİșȩįȦȞ  

 
īİȞȚțȐ 
ȈĲȘȞ ıȣȞȑȤİȚĮ ʌĮȡĮĲȓșİȞĲĮȚ ĲĮ ʌȜİȠȞİțĲȒȝĮĲĮ țĮȚ ĲĮ ȝİȚȠȞİțĲȒȝĮĲĮ țȐșİ ȝȚĮȢ Įʌȩ 
ĲȚȢ ȝİșȩįȠȣȢ ʌȠȣ ʌİȡȚȖȡȐĳȘțĮȞ ĮȞĮȜȣĲȚțȐ ıĲȠ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ. ȆĮȡȐȜȜȘȜĮ 
șĮ ȖȓȞİȚ țĮȚ ȝȚĮ ıȪȖțȡȚıȘ ĲȦȞ ȝİșȩįȦȞ ȩıȠ ĮĳȠȡȐ ȕĮıȚțȑȢ ʌĮȡĮȝȑĲȡȠȣȢ ʌȠȣ 
İʌȘȡİȐȗȠȣȞ ĲȠȞ ıȤİįȚĮıȝȩ įȚȐȞȠȚȟȘȢ ȝȚĮȢ ıȒȡĮȖȖĮȢ, ȩʌȦȢ İȓȞĮȚ ĲȠ țȩıĲȠȢ, Ƞ ȤȡȩȞȠȢ 
țĮĲĮıțİȣȒȢ, ȠȚ İʌȚįȡȐıİȚȢ ıĲȘȞ ȕȡĮȤȠȝȐȗĮ țĮȚ ĲĮ ʌİȡȚȕȐȜȜȠȞĲĮ ʌİĲȡȫȝĮĲĮ . 
 
 
ȆȜİȠȞȑțĲȘȝĮ țĮȚ ȂİȚȠȞİțĲȒȝĮĲĮ ȂİșȩįȦȞ ǻȚȐȞȠȚȟȘȢ  
ȂȘȤĮȞȒȝĮĲĮ ȅȜȠȝȑĲȦʌȘȢ ȀȠʌȒȢ 
Ǿ ȤȡȒıȘ ĲȦȞ ȝȘȤĮȞȘȝȐĲȦȞ ȠȜȠȝȑĲȦʌȘȢ țȠʌȒȢ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ ȩĲĮȞ ʌȜȘȡȠȪȞĲĮȚ 
ȠȡȚıȝȑȞİȢ ʌȡȠȨʌȠșȑıİȚȢ ȩʌȦȢ  (ǼȟĮįȐțĲȣȜȠȢ, ī, 2004): 
x ȉĮ ʌİĲȡȫȝĮĲĮ įİȞ İȓȞĮȚ ʌȠȜȪ ıțȜȘȡȐ 
x ȅȚ ȚįȚȩĲȘĲİȢ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ įİȞ ȝİĲĮȕȐȜȜȠȞĲĮȚ ıȘȝĮȞĲȚțȐ 
x ȅȚ ĮʌĮȚĲȠȪȝİȞİȢ ȖȦȞȓİȢ țĮȝʌȣȜȩĲȘĲĮȢ ĲȠȣ ȐȟȠȞĮ ĲȘȢ ıĲȠȐȢ İȓȞĮȚ ıȤİĲȚțȐ 

ȝİȖȐȜİȢ 
ȉĮ țȣȡȚȩĲİȡĮ ʌȜİȠȞİțĲȒȝĮĲĮ ĲȦȞ İțıțĮĳȫȞ ȝİ ȝȘȤĮȞȑȢ ȠȜȠȝȑĲȦʌȠȣ țȠʌȒȢ İȓȞĮȚ ĲĮ 
ĮțȩȜȠȣșĮ: 
x Ǿ ĲĮȤȪĲȘĲĮ ʌȡȠȤȫȡȘıȘȢ İȓȞĮȚ ȝİȖȐȜȘ (ȚįȚĮȓĲİȡĮ ıİ ȝĮȜĮțȐ țĮȚ ȩȤȚ ʌȠȜȪ 

ıȣȞİțĲȚțȐ ʌİĲȡȫȝĮĲĮ) 
x ȉĮ ʌİȡȚȕȐȜȜȠȞĲĮ ʌİĲȡȫȝĮĲĮ țĮșȫȢ țĮȚ Ș ʌȡȠȢ İȟȩȡȣȟȘ ȕȡĮȤȠȝȐȗĮ 

ʌĮȡĮȝȑȞȠȣȞ ĮįȚĮĲȐȡĮțĲĮ 
x ȅȚ ʌĮȡİȚȑȢ ĲȘȢ İțıțĮĳȒȢ İȓȞĮȚ ȜİȓİȢ 
x ȈȣȞȒșȦȢ įİȞ ĮʌĮȚĲİȓĲĮȚ ʌȡȩıșİĲȘ İȡȖĮıȓĮ ȖȚĮ ĲȘȞ ʌİȡĮȚĲȑȡȦ įȚĮȝȩȡĳȦıȘ ĲȘȢ 

įȚĮĲȠȝȒȢ ĲȘȢ İțıțĮĳȒȢ 
x Ǿ İȣșȣȖȡĮȝȝȓĮ ĲȘȢ ıĲȠȐȢ įȪȞĮĲĮȚ ȞĮ İȜȑȖȤİĲĮȚ ĮıĳĮȜȑıĲİȡĮ țĮȚ ĮțȡȚȕȑıĲİȡĮ 
x ǹʌĮȚĲİȓĲĮȚ ȜȚȖȩĲİȡȠ ʌȡȠıȦʌȚțȩ ĮȞȐ ȕȐȡįȚĮ. 
x Ǿ ĮıĳȐȜİȚĮ ȖİȞȚțȐ İȓȞĮȚ țĮȜȪĲİȡȘ țĮȚ İȚįȚțȩĲİȡĮ ȖȚĮ ĲȠȣȢ İȡȖĮȗȩȝİȞȠȣȢ ıĲȠ 

ȝȑĲȦʌȠ ĲȘȢ İțıțĮĳȒȢ 
x Ǿ įȚĮįȚțĮıȓĮ İȓȞĮȚ ʌȜȒȡȦȢ ĮȣĲȠµĮĲȠʌȠȚȘµȑȞȘ țĮȚ įİȞ ȣʌȐȡȤȠȣȞ įȚĮțȠʌȑȢ ıĲȘȞ 

ıȣȞİȤȒ įȚĮįȚțĮıȓĮ țȠʌȒȢ - ȣʌȠıĲȒȡȚȟȘȢ 
x ǼʌȚĲȣȖȤȐȞİĲĮȚ ĮʌȠȜȪĲȦȢ ĲȠ İʌȚșȣȝȘĲȩ µȑȖİșȠȢ ĲȘȢ įȚĮĲȠȝȒȢ µİ İȜȐȤȚıĲȘ 

ȣʌİȡİțıțĮĳȒ (overbreak) 
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x ȂʌȠȡİȓ ȞĮ ȖȓȞİȚ ĮȟȚȩʌȚıĲȘ ʌȡȩȕȜİȥȘ ĲȘȢ ʌȠȡİȓĮȢ ʌȡȠȩįȠȣ țĮȚ İȓȞĮȚ İĳȚțĲȩȢ Ƞ 
ıȦıĲȩȢ ȤĮȡĮțĲȘȡȚıȝȩȢ ĲȦȞ ȣʌȠȖİȓȦȞ ıȣȞșȘțȫȞ. 

x Ǿ ʌȠȡİȓĮ ĲȘȢ İțıțĮĳȒȢ İȜȑȖȤİĲĮȚ ȘȜİțĲȡȠȞȚțȐ ȝİ ĮȚıșȘĲȒȡİȢ laser țĮȚ Ș 
ĮʌȩțȜȚıȘ Įʌȩ ĲȘȞ ʌȡȠțĮșȠȡȚıȝȑȞȘ ȝȘțȠĲȠȝȒ İȓȞĮȚ Įʌȩ İȜȐȤȚıĲȘ ȑȦȢ ȝȘįĮȝȚȞȒ 

x ȂʌȠȡȠȪȞ ȞĮ ıȣȜȜİȤșȠȪȞ ȝİĲȡȒıİȚȢ ĲȦȞ ȚįȚȠĲȒĲȦȞ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ Įʌȩ 
ĮȚıșȘĲȒȡİȢ ʌȠȣ ȕȡȓıțȠȞĲĮȚ ıĲȘȞ țȠʌĲȚțȒ țİĳĮȜȒ 

x Ǿ ȜİȚĲȠȣȡȖȓĮ ȖȓȞİĲĮȚ ȤȦȡȓȢ ȑȞĲȠȞȠȣȢ țȡĮįĮıȝȠȪȢ, İʌȠȝȑȞȦȢ įİȞ ȣĳȓıĲĮȞĲĮȚ 
ıȤİįȩȞ țĮșȩȜȠȣ ĮȞȘıȣȤȓĮ ȖȚĮ ĲȚȢ İįĮĳȚțȑȢ įȠȞȒıİȚȢ. 

x Ǿ İțıțĮĳȒ ĲȘȢ İʌȚĳȐȞİȚĮȢ ȩȡȣȟȘȢ İȓȞĮȚ ȠȝĮȜȒ, ȠʌȩĲİ ȑȤȠȣȝİ ȝİȚȦȝȑȞȠ 
ʌȠıȠıĲȩ ıțȩȞȘȢ, ȝȚțȡȩĲİȡȠ țȩıĲȠȢ İʌȑȞįȣıȘȢ, ȝİȓȦıȘ ȡȓıțȠȣ ȖȚĮ ĲȘȞ İȚıȡȠȒ 
ȞİȡȫȞ.  

x Ǿ ĮʌȠțȠȝȚįȒ ĲȠȣ șȡȣȝµĮĲȚıµȑȞȠȣ ȣȜȚțȠȪ (muck) İȓȞĮȚ İȪțȠȜȘ țĮȚ 
İʌȚĲȣȖȤȐȞİĲĮȚ İʌĮȞĮȤȡȘıȚȝȠʌȠȓȘıȘ ĮȣĲȠȪ.  

x īİȞȚțȩĲİȡĮ ĲȠ țȩıĲȠȢ įȚȐȞȠȚȟȘȢ ȝȚĮȢ ıȒȡĮȖȖĮȢ ȝİ ȉǺȂ İȓȞĮȚ ĲİȜȚțȐ ȝȚțȡȩĲİȡȠ 
Įʌȩ ĲȠ țȩıĲȠȢ ʌȠȣ șĮ ȣʌȒȡȤİ ĮȞ ĮțȠȜȠȣșȠȪȞĲĮȞ ȐȜȜȘ ȝȑșȠįȠȢ ȩȡȣȟȘȢ 

ȉĮ țȣȡȚȩĲİȡĮ ȝİȚȠȞİțĲȒȝĮĲĮ ĲȦȞ İțıțĮĳȫȞ ȝİ ȝȘȤĮȞȑȢ ȠȜȠȝȑĲȦʌȠȣ țȠʌȒȢ İȓȞĮȚ ĲĮ 
ĮțȩȜȠȣșĮ (ȅȚțȠȞȠȝȩʌȠȣȜȠȢ, 1975) : 
x Ǿ ĮȡȤȚțȒ İʌȑȞįȣıȘ țİĳĮȜĮȓȠȣ ȖȚĮ ĲȠȞ İȟȠʌȜȚıȝȩ İȓȞĮȚ ȚįȚĮȓĲİȡĮ ȣȥȘȜȒ 
x ȉĮ ȝȘȤĮȞȒȝĮĲĮ țĮĲĮıțİȣȐȗȠȞĲĮȚ țĮĲȐ ʌĮȡĮȖȖİȜȓĮ țĮȚ ȖȚĮ ıȣȖțİțȡȚȝȑȞİȢ 

ıȣȞșȒțİȢ 
x ȅ ȤȡȩȞȠȢ ʌĮȡȐįȠıȘȢ ĲȠȣ İȟȠʌȜȚıȝȠȪ İȓȞĮȚ ȝİȖȐȜȠȢ  
x ȉĮ ıȣıĲȒȝĮĲĮ ĮȣĲȐ ȤĮȡĮțĲȘȡȓȗȠȞĲĮȚ Įʌȩ ȝȚțȡȒ İȣțȚȞȘıȓĮ țĮȚ ȝİȖȐȜȘ ʌİȡȓȠįȠ 

İȖțĮĲȐıĲĮıȘȢ țĮȚ ȑȞĮȡȟȘȢ ȜİȚĲȠȣȡȖȓĮȢ.  
x ȅȚ ȝİȖȐȜȠȚ ȤȡȩȞȠȚ țȚȞȘĲȠʌȠȓȘıȘȢ țĮȚ Ș ȝȚțȡȒ țȚȞȘĲȚțȩĲȘĲĮ ĲȠȣ ȕĮȡȪ 

İȟȠʌȜȚıȝȠȪ, țĮșȚıĲȠȪȞ ĲȚȢ įȚĮįȚțĮıȓİȢ ĲȠȣ ȉǺȂ ȖİȞȚțȐ ʌȠȜȪ įĮʌĮȞȘȡȑȢ, ȖȚĮ 
ȝȚțȡȠȪ ȝȒțȠȣȢ ıȒȡĮȖȖİȢ 

x ȊĳȓıĲĮȞĲĮȚ ĮįȣȞĮȝȓĮ İȣȤİȡȠȪȢ ĮȞĲȚȝİĲȫʌȚıȘȢ ȝİĲĮȕĮȜȜȩȝİȞȦȞ ıȣȞșȘțȫȞ 
İȟȩȡȣȟȘȢ (ıțȜȘȡȩĲȘĲĮ, ȣįȡȠĳȠȡȓĮ, ț.Ȝʌ.) 

x ȅȚ ȝİĲĮĲȡȠʌȑȢ ıĲĮ İȞ ȜȩȖȦ ȝȘȤĮȞȒȝĮĲĮ İȓȞĮȚ ʌİȡȚȠȡȚıȝȑȞȘȢ ȚțĮȞȩĲȘĲĮȢ, ıİ 
ʌİȡȓʌĲȦıȘ ĮȜȜĮȖȒȢ ĲȦȞ ȖİȦȜȠȖȚțȫȞ ıȣȞșȘțȫȞ. 

x ȊĳȓıĲĮȞĲĮȚ ĮįȣȞĮȝȓĮ İĳĮȡȝȠȖȒȢ ĲȘȢ ȝİșȩįȠȣ ȖȚĮ ĲȘȞ ȩȡȣȟȘ ıțȜȘȡȫȞ 
ıȤȘȝĮĲȚıȝȫȞ, Ș ȩȡȣȟȘ ȝİ ȉǺȂ įİȞ İĳĮȡȝȩȗİĲĮȚ ıİ ȩȜĮ ĲĮ ʌİĲȡȫȝĮĲĮ.  

x ¨İȞ ȣʌȐȡȤİȚ ʌȠȚțȚȜȓĮ ıĲȘ įȚȐȝİĲȡȠ țĮȚ ıĲȠ ıȤȒȝĮ ĲȘȢ İțıțĮĳȒȢ, ĲȠ ȉǺȂ 
įȚĮȞȠȓȖİȚ µȩȞȠ țȣțȜȚțȑȢ įȚĮĲȠȝȑȢ 

x Ȉİ ʌȠȜȪ ıțȜȘȡȩ ʌȑĲȡȦȝĮ ĮȞĮȝȑȞȠȞĲĮȚ, ȝİȚȦȝȑȞĮ ʌȠıȠıĲȐ įȚİȓıįȣıȘȢ țĮȚ 
ĮȪȟȘıȘ ĲȦȞ įĮʌĮȞȫȞ ıİ țȠʌĲȚțȐ ȖȚĮ ıțȜȘȡȩ țĮȚ ȜİȓȠ ʌȑĲȡȦȝĮ.  

x Ǿ įȚĮįȚțĮıȓĮ įİȞ İȓȞĮȚ ȚįȚĮȓĲİȡĮ İȣȑȜȚțĲȘ. Ȉİ ʌİȡȓʌĲȦıȘ įȚĮțȠʌȒȢ ĲȦȞ 
İȡȖĮıȚȫȞ ĲȠȣ ȉǺȂ, ĲȠ ȤȡȠȞȚțȩ ĮȣĲȩ įȚȐıĲȘȝĮ ĲȘȢ įȚĮțȠʌȒȢ, ȝʌȠȡİȓ ȞĮ ĮʌȠȕİȓ 
țĮĲĮıĲȡİʌĲȚțȩ ȖȚĮ ĲȠȞ ʌȡȠȖȡĮȝȝĮĲȚıȝȩ ĲȠȣ ȑȡȖȠȣ. ȅ țĮĲĮıțİȣĮıĲȒȢ ʌȡȑʌİȚ ȞĮ 
țĮĲĮĳȑȡİȚ ȞĮ įȚĮĲȘȡȒıİȚ ĲȘ ıȣȞİȤȒ ȜİȚĲȠȣȡȖȓĮ ĲȠȣ ȉǺȂ, įİįȠȝȑȞȠȣ ȩĲȚ 
ȠȜȩțȜȘȡȘ Ș įȚĮįȚțĮıȓĮ įȚȐȞȠȚȟȘȢ İȟĮȡĲȐĲĮȚ Įʌȩ ĮȣĲȩ. 

x ǼȓȞĮȚ įȪıțȠȜȘ Ș İȖțĮĲȐıĲĮıȘ ȣʌȠıĲȒȡȚȟȘȢ ıĲȠ ȝȑĲȦʌȠ İțıțĮĳȒȢ, µİ 
ĮʌȠĲȑȜİıȝĮ Ș ȜİȚĲȠȣȡȖȓĮ ĲȠȣ ȉǺȂ ȞĮ țĮșȓıĲĮĲĮȚ İȣȐȜȦĲȘ, ıĲȘȞ ʌİȡȓʌĲȦıȘ 
įȚĮĲĮȡĮȤȒȢ ĲȠȣ İįȐĳȠȣȢ. Ǿ ȐȝİıȘ ʌȡȩıȕĮıȘ ıĲȠ ȝȑĲȦʌȠ ĲȘȢ ȕȡĮȤȠȝȐȗĮȢ ȖȚĮ 
ĲȘ įȚȐȞȠȚȟȘ įȚĮĲȡȘȝȐĲȦȞ, ĲȘ ĲıȚȝİȞĲȑȞİıȘ, țĮȚ ĲȘȞ ʌȡȠıȦȡȚȞȒ ȣʌȠıĲȒȡȚȟȘ, 
İȓȞĮȚ įȪıțȠȜȘ µİ ĲĮ ʌİȡȚııȩĲİȡĮ ȝȘȤĮȞȒȝĮĲĮ. 

x Ǿ ʌȡȠıʌȐșİȚĮ ȝİĲĮʌȫȜȘıȘȢ Ȓ İʌĮȞĮȤȡȘıȚȝȠʌȠȓȘıȘȢ İȞȩȢ ȉǺȂ İȓȞĮȚ 
İȟĮȚȡİĲȚțȐ įȪıțȠȜȘ, ȝİ ĮʌȠĲȑȜİıȝĮ ĲĮ ʌİȡȚııȩĲİȡĮ ĲȦȞ ȝȘȤĮȞȘȝȐĲȦȞ ȞĮ 
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ĮʌȠıȣȞĲȓșİȞĲĮȚ ıİ ʌĮȜȚȠıȓįİȡĮ Ȓ ȞĮ șȐȕȠȞĲĮȚ ıĲȘȞ ȓįȚĮ ĲȠȣȢ ĲȘȞ İțıțĮĳȒ, 
țȠȞĲȐ ıĲȘȞ ıȒȡĮȖȖĮ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞ. 

x īȚĮ ȜȩȖȠȣȢ ıȤİįȚĮıȝȠȪ, İȓȞĮȚ ıȘȝĮȞĲȚțȩ ȞĮ ȜȘĳșȠȪȞ ĲĮ ʌȡȠĮȞĮĳİȡșȑȞĲĮ 
ʌȜİȠȞİțĲȒȝĮĲĮ țĮȚ ȝİȚȠȞİțĲȒȝĮĲĮ, ȣʌȩȥȘ țĮĲȐ ĲȘȞ ȝİȜȑĲȘ İțıțĮĳȒȢ µİ ȉǺȂ. 
Ǿ İȝʌİȚȡȓĮ ĲȦȞ ʌĮșȘȝȐĲȦȞ ʌȠȣ ȖȓȞȠȞĲĮȚ ȝĮșȒȝĮĲĮ, Įʌȩ ĲȘ țȐșİ ıȪȝȕĮıȘ 
ȑȡȖȠȣ ıȒȡĮȖȖĮȢ, įȚİȣțȠȜȪȞİȚ ĲȠ ıȤİįȚĮıȝȩ ĲȦȞ İȡȖȠȜȐȕȦȞ țĮȚ ȕİȜĲȚıĲȠʌȠȚİȓ ĲȘ 
ȤȡȒıȘ ĲȠȣ İȟȠʌȜȚıȝȠȪ.  

 
4.4 ȂȘȤĮȞȒȝĮĲĮ ȈȘȝİȚĮțȒȢ ȀȠʌȒȢ  
 
ȀȐʌȠȚĮ Įʌȩ ĲĮ ȝİȚȠȞİțĲȒȝĮĲĮ ĲȦȞ TBM ȝʌȠȡȠȪȞ ȞĮ ĮȡșȠȪȞ µİ ĲȘȞ ȤȡȒıȘ ĲȦȞ 
ȝȘȤĮȞȘȝȐĲȦȞ ıȘȝİȚĮțȒȢ țȠʌȒȢ. ȅȚ ȝȘȤĮȞȑȢ ıȘȝİȚĮțȒȢ țȠʌȒȢ ȑȤȠȣȞ, ȖİȞȚțȐ, ĲĮ ȓįȚĮ 
ʌȜİȠȞİțĲȒȝĮĲĮ µİ ĲĮ ȐȜȜİȢ įȚĮĲȐȟİȚȢ ȝȘȤĮȞȚțȒȢ ȩȡȣȟȘȢ ıȘȡȐȖȖȦȞ, ĮȞ țĮȚ 
ȝİȚȠȞİțĲȠȪȞ ıİ ıȤȑıȘ µİ ĲĮ TBM ıİ ʌȠȜȪ ȝȚțȡȑȢ ĲȚȝȑȢ ĮȞĲȠȤȒȢ ʌİĲȡȫȝĮĲȠȢ țĮȚ ıİ 
ıȤȑıȘ µİ ĲĮ įȚıțȠİȚįȒ țȠʌĲȚțȐ ıİ ʌȠȜȪ ȝİȖȐȜİȢ. ȆĮȡȩȜĮ ĮȣĲȐ, ıĲĮ ȩȡȚĮ ȜİȚĲȠȣȡȖȓĮȢ 
ĲȠȣȢ, ĲĮ ȝȘȤĮȞȒȝĮĲĮ ıȘȝİȚĮțȒȢ țȠʌȒȢ ʌȡȠıĳȑȡȠȣȞ ȝȠȞĮįȚțȐ ʌȜİȠȞİțĲȒȝĮĲĮ 
(ǼȟĮįȐțĲȣȜȠȢ, ī, 2004) : 
 

x ǲȤȠȣȞ İȣİȜȚȟȓĮ țĮĲȐ ĲȘȞ įȚȐȞȠȚȟȘ ĲȘȢ įȚĮĲȠȝȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ. ǼȞȫ ȑȞĮ TBM 
ȝʌȠȡİȓ ȞĮ įȘȝȚȠȣȡȖȒıİȚ µȩȞȠ ȝȚĮ țȣțȜȚțȒ įȚĮĲȠȝȒ ıȣȖțİțȡȚȝȑȞȘȢ įȚĮȝȑĲȡȠȣ, 
ĲĮ ȝȘȤĮȞȒȝĮĲĮ ıȘȝİȚĮțȒȢ țȠʌȒȢ ȝʌȠȡȠȪȞ ȞĮ ʌĮȡȐȖȠȣȞ ȝȚĮ ȝİȖȐȜȘ ʌȠȚțȚȜȓĮ 
ȝİȖİșȫȞ țĮȚ ıȤȘȝȐĲȦȞ įȚĮĲȠȝȫȞ. 

x ǹțȩȝĮ, ȝʌȠȡİȓ ȞĮ ʌȡȠıĮȡȝȠıĲİȓ İȪțȠȜĮ ıĲȚȢ ʌİȡȚııȩĲİȡİȢ ĲȡȠʌȠʌȠȚȒıİȚȢ ĲȘȢ 
ȝİșȩįȠȣ İțıțĮĳȒȢ. 

x ȆȡȠțĮȜİȓ ȝȚțȡȩĲİȡȘ įȚĮĲĮȡĮȤȒ ĲȠȣ ʌİȡȚȕȐȜȜȠȞĲȠȢ ʌİĲȡȫȝĮĲȠȢ Įʌȩ ĲȘ ȝȑșȠįȠ 
įȚȐĲȡȘıȘȢ-ĮȞĮĲȓȞĮȟȘȢ ȈȤȒȝĮ 4.15. 

x ȉȠ ȝȑĲȦʌȠ ʌĮȡĮȝȑȞİȚ ʌȡȠıȕȐıȚȝȠ, ȖȚĮ ȠʌȠȚİıįȒʌȠĲİ ȝİĲȡȒıİȚȢ, ȤȦȡȓȢ 
ʌİȡȚȠȡȚıȝȠȪȢ ıȘȝİȓȠȣ ȝȑĲȡȘıȘȢ țĮȚ ȤȦȡȓȢ ıȘȝĮȞĲȚțȒ İʌȚȕȡȐįȣȞıȘ ĲȦȞ 
İȡȖĮıȚȫȞ. 

x Ǿ İʌȑȞįȣıȘ, ıİ ıȪȖțȡȚıȘ µİ ĲĮ TBM İȓȞĮȚ ʌȠȜȪ ȤĮȝȘȜȩĲİȡȘ, µİ įȣȞĮĲȩĲȘĲĮ 
įȘȝȚȠȣȡȖȓĮȢ įȚĮĲȠȝȒȢ ʌĮȡȩȝȠȚȠȣ ȝİȖȑșȠȣȢ. ȉȠ țȩıĲȠȢ ĲȠȣ Roadheader İȓȞĮȚ 
ĲȘȢ ĲȐȟİȦȢ ĲȠȣ 15 (ȝİȖȐȜİȢ įȚĮĲȠȝȑȢ) µİ 30 % (ȝȚțȡȑȢ įȚĮĲȠȝȑȢ) İȞȩȢ ȉǺȂ. 

x Ǿ İțțȓȞȘıȘ ĲȘȢ įȚȐȞȠȚȟȘȢ İȓȞĮȚ ȐȝİıȘ. ȅȚ ȝȘȤĮȞȑȢ ıȘȝİȚĮțȒȢ țȠʌȒȢ ȝʌȠȡȠȪȞ 
ȞĮ ȜİȚĲȠȣȡȖȒıȠȣȞ Įʌȩ ĲȘȞ ʌȡȫĲȘ ıĲȚȖȝȒ ʌȠȣ ĳĲȐȞȠȣȞ ıĲȠ İȡȖȠĲȐȟȚȠ, țĮșȫȢ 
įİȞ ĮʌĮȚĲİȓĲĮȚ ıȘȝĮȞĲȚțȒ ıȣȞĮȡȝȠȜȩȖȘıȘ. 

x Ǿ ĮʌȠțȠȝȚįȒ ĲȠȣ ʌȡȠȧȩȞĲȠȢ İʌȚĲȣȖȤȐȞİĲĮȚ ĮȣĲȩȝĮĲĮ țĮȚ Ș ȝİĲĮĳȠȡȐ ĲȠȣ 
ȖȓȞİĲĮȚ ȝİ ĲĮȚȞȚȩįȡȠȝȠ, ʌȠȣ İȓȞĮȚ ʌȡȠıĮȡĲȘȝȑȞĮ ʌȐȞȦ ıĲȠ ȝȘȤȐȞȘȝĮ, ȝİ 
ĮʌȠĲȑȜİıȝĮ ȞĮ ȝȘȞ ıĲĮȝĮĲȐİȚ Ș įȚĮįȚțĮıȓĮ ȩȡȣȟȘȢ 

x ȅȚ ȤȡȩȞȠȚ ʌĮȡȐįȠıȘȢ İȓȞĮȚ ʌȠȜȪ ȝȚțȡȩĲİȡȠȚ țĮșȫȢ ĳĲȐȞȠȣȞ ĲȠȣȢ 3 –6 ȝȒȞİȢ ȖȚĮ 
ȑȞĮ țĮȚȞȠȪȡȖȚȠ ȝȘȤȐȞȘȝĮ, İȞȫ ȖȚĮ ȝİĲĮȤİȚȡȚıµȑȞĮ ȠȚ ȤȡȩȞȠȚ ĮȣĲȠȓ İȓȞĮȚ ĮțȩȝĮ 
ȝȚțȡȩĲİȡȠȚ.  

x ȉĮ ĲĮ ȝȘȤĮȞȒȝĮĲĮ ıȘȝİȚĮțȒȢ țȠʌȒȢ ȑȤȠȣȞ ĲȘȞ ȚțĮȞȩĲȘĲĮ İȜȚȖȝȫȞ țĮĲȐ ĲȘȞ 
ȩȡȣȟȘ įȚĮıĲĮȣȡȫıİȦȞ ıȘȡȐȖȖȦȞ (Ȝ.Ȥ. ıȒȡĮȖȖĮ ĲȘȢ ȂȐȖȤȘȢ). 
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ȈȤȒȝĮ 4.15: EʌȓįȡĮıȘ ĲȘȢ ȝİșȩįȠȣ İȟȩȡȣȟȘȢ İʌȓ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȘȢ įȚĮĲȠȝȒȢ ĲȠȣ 
ȝİĲȫʌȠȣ. 

 
 

ȍıĲȩıȠ țĮȚ Ș ȝȑșȠįȠȢ ĮȣĲȒ ʌĮȡȠȣıȚȐȗİȚ țȐʌȠȚĮ ĮįȪȞĮĲĮ ıȘȝİȓĮ. ȉĮ țȣȡȚȩĲİȡĮ ĲȦȞ 
ȝİȚȠȞİțĲȘȝȐĲȦȞ İȓȞĮȚ ĲĮ İȟȒȢ: 
x ȅ ȤȡȩȞȠȢ İțıțĮĳȒȢ İȓȞĮȚ ıȘȝĮȞĲȚțȐ ȝȚțȡȩĲİȡȠȢ Įʌȩ ĲȠȞ ĮȞĲȓıĲȠȚȤȠ İȞȩȢ ȉǺȂ 
x Ǿ įȚĮįȚțĮıȓĮ İȓȞĮȚ ĮıȣȞİȤȒȢ țĮșȫȢ ȝİĲȐ ĲȘȞ ȩȡȣȟȘ ĲȠȣ ȝİĲȫʌȠȣ șĮ ʌȡȑʌİȚ ȞĮ 

ĲȠʌȠșİĲȘșİȓ Ș ʌȡȠıȦȡȚȞȒ ȣʌȠıĲȒȡȚȟȘ ıȪȝĳȦȞĮ ȝİ ĲȘȞ ĲİȤȞȚțȒ ĲȘȢ ȃȑĮȢ 
ǹȣıĲȡȚĮțȒȢ ȂİșȩįȠȣ (ȃǹȉȂ) 

x ȉĮ ȝȘȤĮȞȒȝĮĲĮ ĮȣĲȐ įİȞ ȑȤȠȣȞ İĳĮȡȝȠȖȒ ıİ ʌȠȜȪ ıțȜȘȡȐ ʌİĲȡȫȝĮĲĮ. ȉȠ ȩȡȚȠ 
İțıțĮĳȒȢ ĲȠȣȢ İȓȞĮȚ ĲĮ ʌİĲȡȫȝĮĲĮ ȝİ ĮȞĲȠȤȒ ĲȘȢ ĲȐȟȘȢ ĲȦȞ 110 MPa.  

x Ȉİ ʌȠȜȪ ıțȜȘȡȩ ʌȑĲȡȦȝĮ ĮȞĮȝȑȞȠȞĲĮȚ, ȝİȚȦȝȑȞĮ ʌȠıȠıĲȐ įȚİȓıįȣıȘȢ țĮȚ 
ĮȪȟȘıȘ ĲȦȞ įĮʌĮȞȫȞ ıİ țȠʌĲȚțȐ ȖȚĮ ıțȜȘȡȩ țĮȚ ȜİȓȠ ʌȑĲȡȦȝĮ.  
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x ȁȩȖȦ ĲȘȢ ĮʌȩȟİıȘȢ ʌĮȡȐȖİĲĮȚ ȝİȖȐȜȘ ʌȠıȩĲȘĲĮ ıțȩȞȘȢ țĮȚ Ș İȡȖĮıȓĮ ıĲȠ 
ȝȑĲȦʌȠ țĮșȓıĲĮĲĮȚ İȟĮȚȡİĲȚțȐ įȣıȝİȞȒȢ 

x Ǿ İʌȚĳȐȞİȚĮ ıĲȠ ȝȑĲȦʌȠ țĮȚ ĲȚȢ ʌĮȡİȚȑȢ ĲȘȢ įȚȐȞȠȚȟȘȢ įİȞ İȓȞĮȚ ȜİȓĮ, ȝİ 
ĮʌȠĲȑȜİıȝĮ ȞĮ ʌȡȑʌİȚ ȞĮ İʌȑȝȕİȚ ĮʌȠȟİıĲȒȡĮȢ ȖȚĮ ĲȘȞ ĲİȜȚțȒ įȚĮȝȩȡĳȦıȘ ĲȘȢ 
įȚĮĲȠȝȒȢ 

x Ǿ ʌȠȡİȓĮ ĲȘȢ İțıțĮĳȒȢ ıİ ıȤȑıȘ ȝİ ĲȘȞ ʌȡȠțĮșȠȡȚıȝȑȞȘ șĮ ʌȡȑʌİȚ ȞĮ 
İȜȑȖȤİĲĮȚ ȟİȤȦȡȚıĲȐ Įʌȩ ĲȘȞ ȩȡȣȟȘ, ȝİ ĮʌȠĲȑȜİıȝĮ ĲȘȞ İʌȑțĲĮıȘ ĲȠȣ ȤȡȩȞȠȣ 
țĮĲĮıțİȣȒȢ 

 
ȉĮ ȝȘȤĮȞȒȝĮĲĮ ıȘȝİȚĮțȒȢ țȠʌȒȢ İȓȞĮȚ ȝȚĮ ʌĮȡĮʌȜȒıȚĮ ĲİȤȞȚțȒ İȟȩȡȣȟȘȢ ȝİ ĮȣĲȒ 
ĲȠȣ ȝȘȤĮȞȒȝĮĲȠȢ ȠȜȠȝȑĲȦʌȘȢ țȠʌȒȢ țĮȚ İĳĮȡȝȩȗİĲĮȚ ıİ ʌİȡȚʌĲȫıİȚȢ ȝȚțȡȠȪ 
ʌȡȠȨʌȠȜȠȖȚıȝȠȪ țĮȚ ȩĲĮȞ ȑȤȠȣȞ ȞĮ ĮȞĲȚȝİĲȦʌȓıĲȠȣȞ İȞĮȜȜĮııȩȝİȞİȢ ıȣȞșȒțİȢ ıĲȠ 
ȝȑĲȦʌȠ İțıțĮĳȒȢ. ȍıĲȩıȠ Ș įȚĮįȚțĮıȓĮ İȓȞĮȚ ĮıȣȞİȤȒȢ, țĮȚ Ƞ ȡȣșȝȩȢ ȩȡȣȟȘȢ 
ıȘȝĮȞĲȚțȐ ȝİȖĮȜȪĲİȡȠȢ Įʌȩ ĲȠȞ ĮȞĲȓıĲȠȚȤȠ ȝİ ȉǺȂ. 
 

 
ȈȤȒȝĮ 4.16: Roadheader ĲȪʌȠȣ ȝȪȜȠȣ Ȓ İȖțȐȡıȚȠȢ ĲȪʌȠȢ (milling, transverse) țĮĲȐ 
ĲȠȞ ȠʌȠȓȠ ȠȚ 2 țȠʌĲȚțȑȢ țİĳĮȜȑȢ ʌİȡȚıĲȡȑĳȠȞĲĮȚ ʌİȡȓ ȐȟȠȞĮ țȐșİĲȠ ıĲȘȞ ȝʌȠȪȝĮ. 

 

 



ȀİĳȐȜĮȚȠ 4Ƞ  127

ȈȤȒȝĮ 4.17: ȉȡȩʌȠȚ ȜİȚĲȠȣȡȖȓĮȢ İȞȩȢ roadheader (1. įȚİȓıįȣıȘ, 2. țȠʌȒ ĲȠȣ ȝİĲȫʌȠȣ 
țĮȚ 3. įȚĮȝȩȡĳȦıȘ ĲȠȣ ʌȡȠĳȓȜ ĲȠȣ ȝİĲȫʌȠȣ). 

 
 

 
ȈȤȒȝĮ 4.18: ǻȩȞĲȚ ıȘȝİȚĮțȒȢ ʌȡȠıȕȠȜȒȢ. 

 

 
ȈȤȒȝĮ 4.19: AȜȜȘȜİʌȓįȡĮıȘ ĲȠȣ įȠȞĲȚȠȪ ȝİ ĲȠ ʌȑĲȡȦȝĮ. 

 
 

4.5 ǻȚȐȞȠȚȟȘ ȂȚțȡȠıȘȡȐȖȖȦȞ ȝİ ȉĮȣĲȩȤȡȠȞȘ ȊįȡĮȣȜȚțȒ ȆȡȠȫșȘıȘ             
ȈȦȜȒȞȦȞ 

 
Ǿ ȝȑșȠįȠȢ Pipe Jacking  ȝʌȠȡİȓ ȞĮ İĳĮȡȝȠıĲİȓ ıȤİįȩȞ ıİ ȩȜȠȣȢ ĲȠȣȢ ĲȪʌȠȣȢ İįĮĳȫȞ. 
ȂʌȠȡİȓ ȞĮ İʌȚĲİȣȤșİȓ ĮțȡȓȕİȚĮ ıİ ȝİȖȐȜȠ ȕĮșȝȩ. ȁȩȖȦ ĲȠȣ ȖİȖȠȞȩĲȠȢ ȩĲȚ Ƞ ȤİȚȡȚıĲȒȢ 
ĲȠȣ ȝȘȤĮȞȒȝĮĲȠȢ ȕȡȓıțİĲĮȚ ȝʌȡȠıĲȐ ıĲȠ ȝȑĲȦʌȠ Ȓ İʌȠʌĲİȪİȚ ȝİ ĲȘȞ ȤȡȒıȘ țȐȝİȡĮȢ, 
ȑȤİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ȐȝİıȘȢ İʌȑȝȕĮıȘ ıĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ĮʌĮȞĲȐĲĮȚ ĮȜȜĮȖȒ ıĲȘȞ 
ıȪıĲĮıȘ ĲȠȣ ȣʌİįȐĳȠȣȢ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ĮʌĮȞĲȫȞĲĮȚ ȝȘ țĮĲĮȖİȖȡĮȝȝȑȞĮ 
ĮȞĲȚțİȓȝİȞĮ, ȝʌȠȡȠȪȞ İȪțȠȜĮ ȞĮ ĮȞĮȖȞȦȡȚıșȠȪȞ țĮȚ ȞĮ ĮʌȠȝĮțȡȣȞșȠȪȞ. ǹțȩȝĮ Ș 



ȀİĳȐȜĮȚȠ 4Ƞ  128

ȝȑșȠįȠȢ  ʌĮȡȠȣıȚȐȗİȚ ʌȠȜȜȑȢ įȚĮĳȠȡİĲȚțȑȢ ʌĮȡĮȜȜĮȖȑȢ ĮȞȐȜȠȖĮ ȝİ ĲȠȞ ĲȪʌȠ ĲȠȣ 
ȣʌİįȐĳȠȣȢ.ǹțȩȝĮ Ș ȝȑșȠįȠȢ ĮȣĲȒ ʌĮȡȠȣıȚȐȗİȚ ĲĮ ĮțȩȜȠȣșĮ ʌȜİȠȞİțĲȒȝĮĲĮ : 
� ǼȓȞĮȚ ĳȚȜȚțȒ ʌȡȠȢ ĲȠ ʌİȡȚȕȐȜȜȠȞ țĮȚ İĳĮȡȝȩȗİĲĮȚ ȤȦȡȓȢ țĮȞȑȞĮ ʌȡȩȕȜȘȝĮ ıİ 

ʌȣțȞȠțĮĲȠȚțȘȝȑȞİȢ ʌİȡȚȠȤȑȢ . 
� ȆȠȜȜȑȢ ʌİȡȚʌĲȫıİȚȢ İĳĮȡȝȠȖȒȢ ĲȘȢ ȝİșȩįȠȣ ĮȣĲȒȢ İȞĲȠʌȓȗȠȞĲĮȚ țȐĲȦ Įʌȩ 

įȡȩȝȠȣȢ, ĮȣĲȠțȚȞȘĲȩįȡȠȝȠȣȢ, ıȚįȘȡȠįȡȠȝȚțȑȢ ȖȡĮȝȝȑȢ Ȓ ĮİȡȠįȡȩȝȚĮ. ǻİȞ 
ȑȤİȚ ʌĮȡĮĲȘȡȘșİȓ ʌȠĲȑ țĮȝȓĮ İʌȓʌĲȦıȘ ıĲȘȞ țĮĲĮıțİȣȒ ĲȦȞ ıȘȡȐȖȖȦȞ  Ȓ 
ıĲȘȞ ȜİȚĲȠȣȡȖİȓȢ ĲȠȣȢ. 

� ǻİȞ ȤȡİȚȐȗİĲĮȚ ĲĮʌİȓȞȦıȘ ĲȠȣ ȣįȡȠĳȩȡȠȣ ȠȡȓȗȠȞĲĮ . 
� ǲȤİȚ ĲȘȞ İȜȐȤȚıĲȘ įȣȞĮĲȒ İȞȩȤȜȘıȘ ıĲȘȞ ȖȪȡȦ ʌİȡȚȠȤȒ. 
� ǲȤİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ 24-ȫȡȘȢ ȜİȚĲȠȣȡȖȓĮȢ (ĮșȩȡȣȕȘ ȝȑșȠįȠȢ ȝİ įȡĮıĲȚțȒ 

ȝİȓȦıȘ ĲȘȢ ʌȠıȩĲȘĲĮȢ ĲȦȞ İțıțĮĳȫȞ) 
� ǻȣȞĮĲȩĲȘĲĮ țĮĲĮıțİȣȒȢ ĲȠȣ ĮȖȦȖȠȪ ȝİ ȝİȖĮȜȪĲİȡȘ ĮțȡȓȕİȚĮ ȜȩȖȦ ıȣȞİȤȠȪȢ 

țĮĲĮȖȡĮĳȒȢ ĲȘȢ șȑıȘȢ ĲȘȢ țȠʌĲȚțȒȢ țİĳĮȜȒȢ. 
� ǹȞȐȜȠȖĮ ȝİ ĲȚȢ ıȣȞșȒțİȢ ĲȦȞ ʌİĲȡȦȝȐĲȦȞ, ʌĮȡȠȣıȚȐȗİȚ įȣȞĮĲȩĲȘĲĮ 

ȤȡȘıȚȝȠʌȠȓȘıȘȢ țİĳĮȜȒȢ įȚĮĲȡȒıİȦȢ ĮȞȠȚȤĲȠȪ Ȓ țȜİȚıĲȠȪ ĲȪʌȠȣ ȖȚĮ 
ȝİȖĮȜȪĲİȡȘ ĮʌȩįȠıȘ.   

 
ǵȝȦȢ ȩʌȦȢ țȐșİ ȝȑșȠįȠȢ ȑȤİȚ țĮȚ ĮȣĲȒ ĲĮ ȝİȚȠȞİțĲȒȝĮĲĮ ĲȘȢ. ȆȚȠ ĮȞĮȜȣĲȚțȐ, Ș 
ȝȑșȠįȠȢ Pipe Jacking İȓȞĮȚ İȟİȚįȚțİȣȝȑȞȘ İĳĮȡȝȠȖȒ țĮȚ ȖȚĮ ĮȣĲȩ ĲȠȞ ȜȩȖȠ ĮʌĮȚĲİȓ  
ʌȠȜȪ țĮȜȒ ȠȡȖȐȞȦıȘ țĮȚ ıȣȖȤȡȠȞȚıȝȩ. ȆĮȡȩȜȠ ʌȠȣ ȠȚ İȡȖĮıȓİȢ ĮȣĲȑȢ (ıȣȞĲȠȞȚıȝȩȢ, 
ʌȡȠʌĮȡĮıțİȣȒ) ȝʌȠȡȠȪȞ ȞĮ İțĲİȜİıĲȠȪȞ  ıİ ȝȚĮ ĮțĲȓȞĮ ȖȪȡȦ Įʌȩ ĲȠ ȑȡȖȠ, ĮʌĮȚĲİȓĲĮȚ 
ȩȜİȢ ȠȚ ĮȜȜĮȖȑȢ įȚİȣșȪȞıİȚȢ ȞĮ ȖȓȞȠȞĲĮȚ Įʌȩ ĲȠ ĳȡİȐĲȚȠ İțıțĮĳȒȢ. ȅȚ ıȦȜȒȞİȢ țĮȚ ĲĮ 
ȕĮȖȠȞȑĲĮ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıİ ĮȣĲȒ ĲȘȞ ȝȑșȠįȠ ʌȡȑʌİȚ ȞĮ İȓȞĮȚ țĮĲĮıțİȣĮıȝȑȞĮ 
ȑĲıȚ ȫıĲİ ȞĮ ĮȞĲȑȤȠȣȞ ȝİȖȐȜĮ șȜȚʌĲȚțȐ ĳȠȡĲȓĮ. īȚ’ĮȣĲȩ įİȞ ȝʌȠȡȠȪȞ ȩȜȠȚ ȠȚ ĲȪʌȠȚ 
ĮȖȦȖȫȞ țĮȚ ȕĮȖȠȞȑĲȦȞ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ıİ ĮȣĲȒ ĲȘ ȝȑșȠįȠ. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ȆĮȡȐȡĲȘȝĮ ǹ: 
ǹȞȐȜȣıȘ ȈȘȡȐȖȖȦȞ ȝİ ĲȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ 

ıĲȠȚȤİȓȦȞ PHASES 
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ȆİȡȚȖȡĮĳȒ ȆȡȠıȠȝȠȚȫȝĮĲȠȢ ǹȞȐȜȣıȘȢ ȈȒȡĮȖȖĮȢ 
 

ĬĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ ĲȠ ĮȡȚșȝȘĲȚțȩ ȝȠȞĲȑȜȠ Phases ȖȚĮ ĲȘȞ İȞĲĮĲȚțȒ țĮȚ ʌĮȡĮȝȠȡ-
ĳȦıȚĮțȒ ĮȞȐȜȣıȘ, ıİ ȑȞĮ ʌȑĲȡȦȝĮ İȞĲȩȢ ĲȠȣ ȠʌȠȓȠȣ įȚĮȞȠȓȖİĲĮȚ ıȒȡĮȖȖĮ įİįȠȝȑȞȘȢ 
ȖİȦȝİĲȡȓĮȢ țĮȚ įȚĮıĲȐıİȦȞ. ȈțȠʌȩȢ ĲȘȢ įȚĮįȚțĮıȓĮȢ ĮȣĲȒȢ İȓȞĮȚ Ƞ ʌȡȠıįȚȠȡȚıȝȩȢ 
ĲȦȞ țȡȓıȚȝȦȞ ʌİȡȚȠȤȫȞ ıȣȖțȑȞĲȡȦıȘȢ ĲȐıİȦȞ țĮȚ ĲȦȞ ĮȞĲȓıĲȠȚȤȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ 
ȖȪȡȦ Įʌȩ ĲȠ ȐȞȠȚȖȝĮ ʌȡȠțİȚȝȑȞȠȣ ȞĮ ȜȘĳșİȓ ĮʌȩĳĮıȘ ȖȚĮ ĲĮ ȝȑĲȡĮ ȣʌȠıĲȒȡȚȟȘȢ ʌȠȣ 
șĮ İĳĮȡȝȠıĲȠȪȞ. 

ǼʌȓıȘȢ ĲȠ ʌȡȩȖȡĮȝȝĮ ʌĮȡȑȤİȚ ıĲȠȞ ȤȡȒıĲȘ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ʌȡȠıȠȝȠȓȦıȘȢ ĲȘȢ țĮ-
ĲĮıțİȣȒȢ ȝȚĮȢ ıȒȡĮȖȖĮȢ, ıİ ʌİȡȚııȩĲİȡĮ ĲȠȣ İȞȩȢ ıĲȐįȚĮ İțıțĮĳȒȢ țĮȚ ĲȠʌȠșȑĲȘıȘȢ 
ĲȦȞ ıȣıĲȘȝȐĲȦȞ ȣʌȠıĲȒȡȚȟȘȢ. 

ȉȠ Phases ĮȞĮȜȪİȚ ȝȠȞĲȑȜĮ İʌȓʌİįȘȢ ʌĮȡĮȝȠȡĳȦıȚĮțȒȢ țĮĲȐıĲĮıȘȢ (plane strain 
models): İz=0 (ȝȘįİȞȚțȑȢ ȝİĲĮĲȠʌȓıİȚȢ țĮȚ ĲȡȠʌȑȢ țĮĲȐ ĲȠȞ ȐȟȠȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ) țĮȚ 
İxz0, İyz0, Ȗxyz0 (ĲȡȠʌȑȢ țĮȚ ȝİĲĮĲȠʌȓıİȚȢ ıĲȠ İʌȓʌİįȠ įȚĮĲȠȝȒȢ Oxy) Ǿ įȚĮįȚțĮıȓĮ 
ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ ȖȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ İȞȩȢ ʌȡȠıȠȝȠȚȫȝĮĲȠȢ İțıțĮĳȒȢ ȝȚĮȢ ıȒȡĮȖȖĮȢ 
İȓȞĮȚ Ș İȟȒȢ: 

 
xҏҏǼȚıĮȖȦȖȒ ĲȘȢ īİȦȝİĲȡȓĮȢ ĲȘȢ ǼțıțĮĳȒȢ 
 

ȄİțȚȞȫȞĲĮȢ ĲȠ ʌȡȩȖȡĮȝȝĮ İȝĳĮȞȓȗİĲĮȚ ıĲȘȞ ȠșȩȞȘ Ș ȕĮıȚțȒ ȜȓıĲĮ İȞĲȠȜȫȞ ĲȠȣ 
Phases (țȪȡȚȠ ȝİȞȠȪ İȞĲȠȜȫȞ). ǹʌȩ ĲȠ ȝİȞȠȪ ĮȣĲȩ, İʌȚȜȑȖȠȞĲĮȢ ĲȘȞ İȞĲȠȜȒ Model 
İȝĳĮȞȓȗİĲĮȚ ȑȞĮ ȣʌȠȝİȞȠȪ ıĲȠ ȠʌȠȓȠ ʌİȡȚȜĮȝȕȐȞİĲĮȚ Ș İȞĲȠȜȒ Boundaries Ș İȞİȡȖȠ-
ʌȠȓȘıȘ ĲȘȢ ȠʌȠȓĮȢ ȠįȘȖİȓ ıİ ȑȞĮ įİȪĲİȡȠ ȣʌȠȝİȞȠȪ, ȩʌȠȣ ʌİȡȚȜĮȝȕȐȞȠȞĲĮȚ ȠȚ İȞĲȠ-
ȜȑȢ Excavation țĮȚ FE Region. ǹʌȩ ĲȠ ȣʌȠȝİȞȠȪ ĲȘȢ İȞĲȠȜȒȢ Excavation İʌȚȜȑȖİĲĮȚ Ș 
İȞĲȠȜȒ Add Excavation ȝİ ĲȘȞ ȕȠȒșİȚĮ ĲȘȢ ȠʌȠȓĮȢ ıȤİįȚȐȗİĲĮȚ ĲȠ ʌİȡȓȖȡĮȝȝĮ ĲȘȢ 
İțıțĮĳȒȢ ıĲȠ ʌĮȡȐșȣȡȠ ıȤİįȚĮıȝȠȪ țĮȚ ĮȞĮʌĮȡȐıĲĮıȘȢ ĲȠȣ ȝȠȞĲȑȜȠȣ țĮȚ ĲȠ ȠʌȠȓȠ 
İȝĳĮȞȓȗİĲĮȚ ıĲȘȞ ȠșȩȞȘ ȦȢ ȖȡĮȝȝȒ ȜİȣțȠȪ ȤȡȫȝĮĲȠȢ. ȈĲȘȞ ıȣȞȑȤİȚĮ ȝİ ĲȘȞ İȞĲȠȜȒ 
Discretize ȖȓȞİĲĮȚ Ƞ ȤȦȡȚıȝȩȢ ĲȠȣ ʌİȡȚȖȡȐȝȝĮĲȠȢ ĲȘȢ İțıțĮĳȒȢ ıİ ıĲȠȚȤİȚȫįȘ 
ĲȝȒȝĮĲĮ įȘȜĮįȒ Ș įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ. ȈȣȞȠʌĲȚțȐ Ș ĮțȠȜȠȣșȓĮ İȞĲȠȜȫȞ ʌȠȣ İțĲİȜİȓ-
ĲĮȚ İȓȞĮȚ Ș ʌĮȡĮțȐĲȦ: 
 
ModeloBoundariesoExcavationoAdd ExcavationoDiscretize 
 
x��ȅȡȚıȝȩȢ ĲȘȢ ȊȕȡȚįȚțȒȢ ǼʌȚĳȐȞİȚĮȢ ʌȠȣ ȆİȡȚțȜİȓİȚ ĲȘȞ ǼțıțĮĳȒ 
 

ȂİĲȐ ĲȠȞ ıȤİįȚĮıȝȩ ĲȠȣ ʌİȡȚȖȡȐȝȝĮĲȠȢ ĲȘȢ İțıțĮĳȒȢ ıĲȠ İʌȓʌİįȠ įȚĮĲȠȝȒȢ Oxy, 
İȓȞĮȚ ĮʌĮȡĮȓĲȘĲȘ țĮȚ Ș İȚıĮȖȦȖȒ ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ ʌİȡȚȖȡȐȝȝĮĲȠȢ ĲȘȢ ȣȕȡȚįȚțȒȢ İʌȚ-
ĳȐȞİȚĮȢ Įʌȩ ĲȘȞ ȠʌȠȓĮ șĮ ʌİȡȚțȜİȓİĲĮȚ Ș İțıțĮĳȒ țĮȚ șĮ ȠȡȚȠșİĲİȓĲĮȚ Ș ʌİȡȚȠȤȒ 
ȝİȜȑĲȘȢ țĮȚ ĮȞȐȜȣıȘȢ ĲȐıİȦȞ țĮȚ ʌĮȡĮȝȠȡĳȫıİȦȞ ȖȪȡȦ Įʌȩ ĲȘȞ ıȒȡĮȖȖĮ. īȚĮ ĲȠ 
ıțȠʌȩ ĮȣĲȩ, İʌȚȜȑȖİĲĮȚ Ș İȞĲȠȜȒ Hyb Bndry ĲȘȢ ȜȓıĲĮȢ İȞĲȠȜȫȞ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ 
ıĲȘȞ İʌȚȜȠȖȒ FE Region, Įʌȩ ĲȠ ȣʌȠȝİȞȠȪ ĲȘȢ ȠʌȠȓĮȢ İțĲİȜİȓĲĮȚ Ș İȞĲȠȜȒ Add Bndry 
țĮȚ ıȤİįȚȐȗİĲĮȚ ĲȠ ʌİȡȓȖȡĮȝȝĮ ĲȘȢ ȣȕȡȚįȚțȒȢ İʌȚĳȐȞİȚĮȢ ʌȠȣ İȝĳĮȞȓȗİĲĮȚ ȦȢ ȖȡĮȝȝȒ 
țȩțțȚȞȠȣ ȤȡȫȝĮĲȠȢ. Ǿ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ʌİȡȚȖȡȐȝȝĮĲȠȢ ĲȘȢ ȣȕȡȚįȚțȒȢ İʌȚĳȐȞİȚĮȢ 
ȖȓȞİĲĮȚ ȠȝȠȓȦȢ ȩʌȦȢ țĮȚ ĲȠȣ ʌİȡȚȖȡȐȝȝĮĲȠȢ ĲȘȢ İțıțĮĳȒȢ (ȝİ ĲȘȞ ĮȞĲȓıĲȠȚȤȘ İȞĲȠȜȒ 
Discretize). ȂİĲȐ țĮȚ ĲȘȞ İȚıĮȖȦȖȒ țĮȚ ĲȠȣ ʌİȡȚȖȡȐȝȝĮĲȠȢ ĲȘȢ ȣȕȡȚįȚțȒȢ İʌȚĳȐȞİȚĮȢ, 
ȑȤİȚ ȠȡȚȠșİĲȘșİȓ Ș ʌİȡȚȠȤȒ ĮȞȐȜȣıȘȢ ĲȐıİȦȞ țĮȚ ʌĮȡĮȝȠȡĳȫıİȦȞ ıĲȠ İʌȓʌİįȠ Oxy, 
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Ș ȠʌȠȓĮ įȚĮțȡȚĲȠʌȠȚİȓĲĮȚ ıİ İʌȓʌİįĮ ȆİʌİȡĮıȝȑȞĮ ȈĲȠȚȤİȓĮ (finite elements) ȝİ ĲȘȞ 
İȞĲȠȜȒ Mesh ʌȠȣ İʌȚȜȑȖİĲĮȚ Įʌȩ ĲȠ ȣʌȠȝİȞȠȪ İȞĲȠȜȫȞ FE Region. ǱȡĮ Ș ĮțȠȜȠȣșȓĮ 
ĲȦȞ İȞĲȠȜȫȞ ʌȠȣ İțĲİȜȠȪȞĲĮȚ ıİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ İȓȞĮȚ Ș İȟȒȢ: 
 
FE RegionoHyb BndryoAdd BndryoDscretizeoFE RegionoMesh 
 
ȈȘȝİȓȦıȘ: Ǿ ʌĮȡĮʌȐȞȦ įȚĮįȚțĮıȓĮ ȝʌȠȡİȓ ȞĮ İțĲİȜİıĲİȓ ʌȚȠ ıȣȞȠʌĲȚțȐ ȝİ ĲȘȞ 
ĮțȠȜȠȣșȓĮ İȞĲȠȜȫȞ: 
 
FE RegionoAutomatic 
 

Ǿ İȞĲȠȜȒ Automatic İȚıȐȖİȚ țĮȚ įȚĮțȡȚĲȠʌȠȚİȓ ĮȣĲȩȝĮĲĮ ĲȩıȠ ĲȠ ʌİȡȓȖȡĮȝȝĮ ĲȘȢ 
ȣȕȡȚįȚțȒȢ İʌȚĳȐȞİȚĮȢ ȩıȠ țĮȚ ĲȘȞ ʌİȡȚȠȤȒ ȝİȜȑĲȘȢ ȖȚĮ ʌȡȠțĮșȠȡȚıȝȑȞȠ (default) 
ĮȡȚșȝȩ țĮȚ ȝȑȖİșȠȢ ıĲȠȚȤİȓȦȞ ȖȡĮȝȝȚțȒȢ țĮȚ İʌȚĳĮȞİȚĮțȒȢ įȚĮțȡȚĲȠʌȠȓıȘȢ. 
 
x��ȀĮșȠȡȚıȝȩȢ ĲȠȣ ȆİįȓȠȣ ȉȐıİȦȞ 
 

ȈĲȠ Phases ĲȠ İȞĲĮĲȚțȩ ʌİįȓȠ ʌİȡȚȖȡȐĳİĲĮȚ ȝİ ĲȚȢ įȪȠ țȪȡȚİȢ ĲȐıİȚȢ ıĲȠ İʌȓʌİįȠ 
Oxy, įȘȜĮįȒ ĲȘȞ ĮȟȠȞȚțȒ țȪȡȚĮ ĲȐıȘ ı1 țĮȚ ĲȘȞ ʌȜİȣȡȚțȒ țȪȡȚĮ ĲȐıȘ ı3, ĲȘȞ ȖȦȞȓĮ 
ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ ĲȠȣȢ ȦȢ ʌȡȠȢ ıĲȠ ȀĮȡĲİıȚĮȞȩ ıȪıĲȘȝĮ ıȣȞĲİĲĮȖȝȑȞȦȞ xOy, Ș 
ȠʌȠȓĮ ȠȡȓȗİĲĮȚ ȦȢ Ș ȖȦȞȓĮ ʌȠȣ ıȤȘȝĮĲȓȗİȚ Ș įȚİȪșȣȞıȘ ĲȘȢ ı3 ȝİ ĲȠȞ șİĲȚțȩ ȘȝȚȐȟȠȞĮ 
Ox (ȕȜ. ȈȤ. Ȇ.1), țĮșȫȢ țĮȚ Įʌȩ ĲȘȞ ĲȚȝȒ ĲȘȢ ĲȐıȘȢ ıĲȠȞ x-ȐȟȠȞĮ. 

.  
 
ȈȤ. Ȇ.1: ǼȞĲĮĲȚțȐ ȝİȖȑșȘ țĮȚ Ƞ ʌȡȠıĮȞĮĲȠȜȚıȝȩȢ ĲȠȣȢ ȩʌȦȢ ȠȡȓȗȩȞĲĮȚ ıĲȠ Phases. 
 
 

Ǿ İȚıĮȖȦȖȒ įİįȠȝȑȞȦȞ ıĲȠ Phases ȖȚĮ ĲȠȞ țĮșȠȡȚıȝȩ ĲȠȣ İȞĲĮĲȚțȠȪ ʌİįȓȠȣ ȝİ 
ĲȠȞ ĲȡȩʌȠ ʌȠȣ ʌİȡȚȖȡȐĳİĲĮȚ ʌȚȠ ʌȐȞȦ, ȖȓȞİĲĮȚ ȝİ ĲȘȞ ȕȠȒșİȚĮ ĲȦȞ ʌĮȡĮțȐĲȦ İȞĲȠ-
ȜȫȞ: 
 
ModeloFld StressoConstant 
 

Ǿ İȞĲȠȜȒ Constant İȞİȡȖȠʌȠȚİȓ ĲȠȞ ʌĮȡĮȝİĲȡȚțȩ ʌȓȞĮțĮ ʌȠȣ ĳĮȓȞİĲĮȚ ıĲȠ ȈȤ. Ȇ.2 
țĮȚ ıĲȠȞ ȠʌȠȓȠ İȚıȐȖȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȦȞ ı1, ı3, ız țĮȚ ș. 
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ȈȤ. Ȇ.2: ȉȡȩʌȠȢ İȚıĮȖȦȖȒȢ įİįȠȝȑȞȦȞ țĮșȠȡȚıȝȠȪ ĲȦȞ İȞĲĮĲȚțȫȞ ʌĮȡĮȝȑĲȡȦȞ ıĲȠ Phases. 

ȈĲȠ ıȘȝİȓȠ ĮȣĲȩ șĮ ʌȡȑʌİȚ ȞĮ įȚİȣțȡȚȞȚıĲİȓ ȩĲȚ Ș įȚȐțȡȚıȘ ȝİĲĮȟȪ ı1 țĮȚ ı3 ʌȠȣ 
ȖȓȞİĲĮȚ ȝȑıĮ ıĲȠ ʌȡȩȖȡĮȝȝĮ, ĮĳȠȡȐ ȝȩȞȠ ĲȠȞ țĮșȠȡȚıȝȩ ĲȘȢ ȖȦȞȓĮȢ ș țĮȚ ȩȤȚ ĲȘȞ 
ıȤȑıȘ įȚȐĲĮȟȘȢ ȝİ ĲȘȞ ȠʌȠȓĮ ȠȡȓȗȠȞĲĮȚ ıĲȘ ȕȚȕȜȚȠȖȡĮĳȓĮ ĮȣĲȑȢ ȠȚ įȪȠ ĲȐıİȚȢ (įȘȜĮ-
įȒ ȦȢ ȝȑȖȚıĲȘ țĮȚ İȜȐȤȚıĲȘ țȪȡȚĮ ĲȐıȘ ĮȞĲȓıĲȠȚȤĮ), țĮĲȐ ıȣȞȑʌİȚĮ ȠȚ ĲȚȝȑȢ ʌȠȣ șĮ 
İȚıȐȖȠȞĲĮȚ ıĲȠ ȝȠȞĲȑȜȠ ʌȡȠıȠȝȠȓȦıȘȢ, ȝʌȠȡȠȪȞ ȞĮ İȓȞĮȚ țĮȚ ĮȞĲȓșİĲȘȢ ıȤȑıȘȢ įȚȐ-
ĲĮȟȘȢ ȤȦȡȓȢ ĮȣĲȩ ȞĮ įȘȝȚȠȣȡȖİȓ ʌȡȩȕȜȘȝĮ ıĲȘȞ İțĲȑȜİıȘ ĲȦȞ ȣʌȠȜȠȖȚıȝȫȞ.  
 
x��ǼȚıĮȖȦȖȒ ĲȦȞ ȚįȚȠĲȒĲȦȞ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ 
 

ȅ țĮșȠȡȚıȝȩȢ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ ʌȠȣ ȤĮȡĮțĲȘȡȓȗȠȣȞ ĲȚȢ ȝȘȤĮȞȚțȑȢ ȚįȚȩĲȘĲİȢ ĲȠȣ 
ʌİĲȡȫȝĮĲȠȢ ʌȠȣ ʌİȡȚȕȐȜİȚ ĲȘȞ İțıțĮĳȒ, İȓȞĮȚ ĮʌĮȡĮȓĲȘĲȠȢ ʌȡȠțİȚȝȑȞȠȣ ȞĮ İʌȚȜȣ-
șȠȪȞ ȠȚ țĮĲĮıĲĮĲȚțȑȢ İȟȚıȫıİȚȢ ʌȠȣ ıȣȞįȑȠȣȞ ĲĮ İȞĲĮĲȚțȐ ȝİȖȑșȘ (ĲȐıİȚȢ) ȝİ ĲĮ ʌĮ-
ȡĮȝȠȡĳȦıȚĮțȐ (ʌĮȡĮȝȠȡĳȫıİȚȢ țĮȚ ȝİĲĮĲȠʌȓıİȚȢ) ȖȚĮ ĲȠȞ ʌȡȠıįȚȠȡȚıȝȩ ĲȠȣ ʌİįȓȠȣ 
ȝİĲĮĲȠʌȓıİȦȞ ȩʌȦȢ ĮȣĲȩ įȚĮȝȠȡĳȫȞİĲĮȚ ıĲȘȞ ʌİȡȚȠȤȒ ȖȪȡȦ Įʌȩ ĲȘȞ İțıțĮĳȒ. Ȉİ 
ʌİȡȓʌĲȦıȘ ʌȠȣ įİȞ įȠșȠȪȞ ıȣȖțİțȡȚȝȑȞİȢ ĲȚȝȑȢ ȖȚĮ ĲȚȢ ʌĮȡĮȝȑĲȡȠȣȢ ʌȠȣ ȤĮȡĮțĲȘȡȓ-
ȗȠȣȞ ĲȘ ȝȘȤĮȞȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ, ĲȠ Phases İțĲİȜİȓ ĲȘȞ ʌȡȠıȠȝȠȓȦıȘ 
ȝİ ȕȐıȘ ĲȚȢ ʌĮȡĮȝȑĲȡȠȣȢ ʌȠȣ ȤĮȡĮțĲȘȡȓȗȠȣȞ ȑȞĮ ȣʌȠșİĲȚțȩ ʌȡȠțĮșȠȡȚıȝȑȞȠ 
(default) ȝȠȞĲȑȜȠ ȣȜȚțȠȪ. Ȉİ įȚĮĳȠȡİĲȚțȒ ʌİȡȓʌĲȦıȘ, ĮȞ Ș ʌȡȠıȠȝȠȓȦıȘ ĮĳȠȡȐ ȑȞĮ 
ʌȑĲȡȦȝĮ ȝİ ıȣȖțİțȡȚȝȑȞİȢ ȝȘȤĮȞȚțȑȢ ȚįȚȩĲȘĲİȢ ĮȣĲȑȢ șĮ ʌȡȑʌİȚ ȞĮ İȚıȐȖȠȞĲĮȚ ıĲȠ 
ʌȡȠıȠȝȠȓȦȞĮ ȝİ țȐʌȠȚȠ ıȣȖțİțȡȚȝȑȞȠ ĲȡȩʌȠ Ƞ ȠʌȠȓȠȢ țĮșȠȡȓȗİĲĮȚ Įʌȩ ĲȠ Phases 
ĮȞȐȜȠȖĮ ȝİ ĲȠ İȓįȠȢ ĲȠȣ ȣȜȚțȠȪ. Ȉİ ȖİȞȚțȑȢ ȖȡĮȝȝȑȢ ȠȚ ʌĮȡȐȝİĲȡȠȚ ʌȠȣ ȤĮȡĮțĲȘȡȓ-
ȗȠȣȞ ĲȘ ȝȘȤĮȞȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ İȓȞĮȚ Į) ȠȚ ǼȜĮıĲȚțȑȢ ǿįȚȩĲȘĲİȢ 
(Elastic properties) țĮȚ ȕ) ȠȚ ȆĮȡȐȝİĲȡȠȚ ǹȞĲȠȤȒȢ (Strengt Parameters). 

ȈĲȘȞ ʌȡȫĲȘ țĮĲȘȖȠȡȓĮ ʌĮȡĮȝȑĲȡȦȞ ĮȞĲȚıĲȠȚȤȠȪȞ ĲȠ ȝȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ Ǽ țĮȚ Ƞ 
ȜȩȖȠȢ ĲȠȣ Poisson Ȟ, ȩĲĮȞ Ș ȕȡĮȤȠȝȐȗĮ șİȦȡİȓĲĮȚ ȦȢ ȚıȩĲȡȠʌȠ ȣȜȚțȩ. ǹȞ ĲȠ ʌȑĲȡȦȝĮ 
ȠȡȚıșİȓ ȦȢ ȝȘ ȚıȩĲȡȠʌȠ, ȠȚ ĲȚȝȑȢ ȖȚĮ ĲȠ ȝȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ ʌȠȣ ĮʌĮȚĲȠȪȞĲĮȚ ȞĮ 
İȚıĮȤșȠȪȞ İȓȞĮȚ ȖİȞȚțȐ ĲȡİȚȢ țĮȚ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ įȚİȪșȣȞıȘ ıĲȠ ȤȫȡȠ. ȅȚ ĲȡİȚȢ 
ĮȣĲȑȢ ĲȚȝȑȢ ĲȠȣ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ ıȣȝȕȠȜȓȗȠȞĲĮȚ ȝİ Ǽ1, Ǽ2 țĮȚ Ǽz. ȅȚ įȪȠ ʌȡȫĲİȢ 
ĲȚȝȑȢ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ, ĮȞĮĳȑȡȠȞĲĮȚ ıİ ȗİȪȖȠȢ ıȣȗȣȖȫȞ įȚİȣșȪȞıİȦȞ 1,2 
(țȐșİĲȦȞ ȝİĲĮȟȪ ĲȠȣȢ) İʌȓ ĲȠȣ İʌȚʌȑįȠȣ Oxy țĮȚ ʌȠıȠĲȚțȠʌȠȚȠȪȞ ȠȣıȚĮıĲȚțȐ ĲȘȞ 
İʌȓʌİįȘ ĮȞȚıȠĲȡȠʌȓĮ ĲȠȣ ȣȜȚțȠȪ, Ș ȠʌȠȓĮ ȖȚĮ ȞĮ șİȦȡİȓĲĮȚ ȩĲȚ ʌİȡȚȖȡȐĳİĲĮȚ ʌȜȒȡȦȢ, 
șĮ ʌȡȑʌİȚ ȞĮ İȚıĮȤșİȓ Ș ȖȦȞȓĮ ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ ȝİĲĮȟȪ ĲȠȣ x-ȐȟȠȞĮ ʌȠȣ ȠȡȓȗİĲĮȚ ȝİ 
ĳȠȡȐ Įʌȩ ĲȠȞ x-ȐȟȠȞĮ ʌȡȠȢ ĲȘȞ įȚİȪșȣȞıȘ 1, țĮșȫȢ țĮȚ ĲȠ ȝȑĲȡȠ įȚȐĲȝȘıȘȢ G12 ıĲȠ 
İʌȓʌİįȠ Oxy (ıİ ʌİȡȓʌĲȦıȘ ʌȠȣ Ș ȖȦȞȓĮ ĮȣĲȒ İȓȞĮȚ ȝȘįȑȞ, ȚıȤȪİȚ Ǽ1=Ǽx, E2=Ey). Ǿ 
ĲȡȓĲȘ ĲȚȝȒ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ, ĮȞĮĳȑȡİĲĮȚ ıĲȘȞ įȚİȪșȣȞıȘ ĲȠȣ x-ȐȟȠȞĮ. 
ǹȞĲȓıĲȠȚȤĮ, ȠȡȓȗȠȞĲĮȚ țĮȚ ȠȚ ĲȚȝȑȢ ȜȩȖȠȣ Poisson ȖȚĮ ĲȠȣȢ ĲȡİȚȢ ıȣȞįȣĮıȝȠȪȢ ĲȦȞ 
įȚİȣșȪȞıİȦȞ 1,2 țĮȚ z: 

i

j
ij İ

İ
Ȟ   
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ȠȚ įİȓțĲİȢ ij ĮȞĲȚʌȡȠıȦʌİȪȠȣȞ ĲȚȢ įȚİȣșȪȞıİȚȢ ȝȑĲȡȘıȘȢ ĲȦȞ ĲȡȠʌȫȞ İi țĮȚ İj 

ĮȞĲȓıĲȠȚȤĮ țĮȚ ʌĮȓȡȞȠȣȞ ĲȚȢ ĲȚȝȑȢ 1,2 țĮȚ z ȝİ i,j ȅȚ ĲȚȝȑȢ ʌȠȣ İȚıȐȖȠȞĲĮȚ ȖȚĮ ĲȠ ȝȑĲȡȠ 
İȜĮıĲȚțȩĲȘĲĮȢ țĮȚ ĲȠȞ ȜȩȖȠ Poisson șĮ ʌȡȑʌİȚ ȞĮ ȚțĮȞȠʌȠȚȠȪȞ ĲȘȞ ıȣȞșȒțȘ Ǽi/Ej 

=Ȟij/Ȟji ȖȚĮ ȠʌȠȚȠȞįȒʌȠĲİ ıȣȞįȣĮıȝȩ įİȚțĲȫȞ įȚİȪșȣȞıȘȢ. ȈĲȠ Phases ĮȞĮȖȞȦȡȓȗȠȞĲĮȚ 
įȪȠ ʌİȡȚʌĲȫıİȚȢ ĮȞȚıȩĲȡȠʌȠȣ ȣȜȚțȠȪ, (1) ĲȠ ȅȡșȠĲȡȠʌȚțȠȪ (Orthotropic) ĲȠ ȠʌȠȓȠ 
ĮȞĲȚʌȡȠıȦʌİȪİȚ ĲȘȞ ȖİȞȚțȒ ʌİȡȓʌĲȦıȘ ĮȞȚıȩĲȡȠʌȠȣ ȣȜȚțȠȪ ȩʌȠȣ ȚıȤȪİȚ, Ǽ1zE2zǼz 
țĮȚ C țĮȚ İȚıȐȖȠȞĲĮȚ țĮȞȠȞȚțȐ ĲȡİȚȢ ĲȚȝȑȢ ȖȚĮ ĲȠ ȝȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ țĮȚ ĲȠȞ ȜȩȖȠ 
Poisson țĮȚ (2) ȉȠ İȖțĮȡıȓȦȢ ȚıȩĲȡȠʌȠ (Transversalely Isotropic) ĲȠ ȠʌȠȓȠ İȓȞĮȚ 
ȚıȩĲȡȠʌȠ ıĲȠ İʌȓʌİįȠ 1z, įȘȜĮįȒ ȚıȤȪİȚ Ș ıȣȞșȒțȘ Ǽ1=Ǽz=ǼzǼ2 țĮȚ Ȟ1z=ȞzȞ12. Ȉİ 
ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ İȚıȐȖȠȞĲĮȚ įȪȠ ȝȩȞȠ ĲȚȝȑȢ ȝȑĲȡȠȣ İȜĮıĲȚțȩĲȘĲĮȢ țĮȚ ȜȩȖȠȣ 
Poisson ʌȠȣ İȓȞĮȚ ȠȚ Ǽ(=Ǽ1=Ǽz) țĮȚ Ǽ2 țĮȚ ȠȚ Ȟ(=Ȟ1z) țĮȚ Ȟ12 ĮȞĲȓıĲȠȚȤĮ. 

ȅȚ ʌĮȡȐȝİĲȡȠȚ ĮȞĲȠȤȒȢ ĲȠȣ ȣȜȚțȠȪ, ĮȞĮĳȑȡȠȞĲĮȚ țȣȡȓȦȢ ıĲȠ ĲȡȩʌȠ ȝİ ĲȠȞ ȠʌȠȓȠ 
ĮıĲȠȤİȓ ĲȠ ȣȜȚțȩ, įȘȜĮįȒ ıĲȠ țȡȚĲȒȡȚȠ ĮıĲȠȤȓĮȢ ĲȠ ȠʌȠȓȠ ĮțȠȜȠȣșİȓ ĲȠ ȣȜȚțȩ, țĮȚ ȠȚ 
ȠʌȠȓİȢ țĮșȠȡȓȗȠȞĲĮȚ ĮȞȐȜȠȖĮ ȝİ ĲȠ ĮȞ ĲȠ ȣȜȚțȩ ȤĮȡĮțĲȘȡȓȗİĲĮȚ ȦȢ İȜĮıĲȚțȩ (Elastic) 
Ȓ ʌȜĮıĲȚțȩ (Plastic) Ȓ ȤȦȡȓȢ İĳİȜțȘıĲȚțȒ ĮȞĲȠȤȒ (No-Tension). 

ȉȠ Phases įȑȤİĲĮȚ įȪȠ ȕĮıȚțȠȪȢ ĲȡȩʌȠȣȢ ĮıĲȠȤȓĮȢ, ıİ įȚȐĲȝȘıȘ, ȩʌȠĲİ ȚıȤȪİȚ ĲȠ 
țȡȚĲȒȡȚȠ Mohr-Coulomb, Ȓ ıİ șȜȓȥȘ ȩʌȠĲİ ȚıȤȪİȚ ĲȠ țȡȚĲȒȡȚȠ ĲȦȞ Hoek țĮȚ Brown. 

īȚĮ İȜĮıĲȚțȐ Ȓ ȝȘ ĳȑȡȠȞĲĮ İĳİȜțȣıĲȚțȑȢ ĲȐıİȚȢ ʌİĲȡȫȝĮĲĮ ʌȠȣ ĮțȠȜȠȣșȠȪȞ ĲȠ 
țȡȚĲȒȡȚȠ Mohr-Coulomb, ȠȡȓȗȠȞĲĮȚ ȠȚ ȝȑȖȚıĲİȢ ĲȚȝȑȢ (peak values) ĲȘȢ ıȣȞȠȤȒȢ, ĲȘȢ 
ȖȦȞȓĮȢ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ, țĮșȫȢ țĮȚ Ș ĲȚȝȒ ĲȘȢ ĮȞĲȠȤȒȢ ıİ İĳİȜțȣıȝȩ (ĮȞ ĮȣĲȒ 
İȓȞĮȚ įȚĮșȑıȚȝȘ, ıİ įȚĮĳȠȡİĲȚțȒ ʌİȡȓʌĲȦıȘ Ș ĮȞĲȠȤȒ ıİ İĳİȜțȣıȝȩ șİȦȡİȓĲĮȚ ȝȘįȑȞ 
Ȓ ĲȠ 1/10 ĲȘȢ ĮȞĲȠȤȒȢ ıİ ĮȞİȝʌȩįȚıĲȘ șȜȓȥȘ). Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ ĲȠ ʌȑĲȡȦȝĮ ȠȡȚıĲİȓ 
ȦȢ ʌȜĮıĲȚțȩ, İțĲȩȢ ĲȦȞ ȝȑȖȚıĲȦȞ ĲȚȝȫȞ ıȣȞȠȤȒȢ țĮȚ ȖȦȞȓĮȢ İıȦĲİȡȚțȒȢ ĲȡȚȕȒȢ 
ȠȡȓȗȠȞĲĮȚ țĮȚ ĮȞĲȓıĲȠȚȤİȢ ȣʌȠȜİȚȝȝĮĲȚțȑȢ ĲȚȝȑȢ ĲȠȣȢ (Residual Values) țĮșȫȢ İʌȓıȘȢ 
țĮȚ ȝȚĮ ʌĮȡȐȝİĲȡȠȢ įȚȩȖțȦıȘȢ į ʌȠȣ ȠȞȠȝȐȗİĲĮȚ ȖȦȞȓĮ įȚȩȖțȦıȘȢ. 

īȚĮ ĲȠ țȡȚĲȒȡȚȠ ĲȦȞ Hoek țĮȚ Brown, ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıİ ȑȞĮ ıȣȖțİțȡȚȝȑȞȠ ʌȑ-
ĲȡȦȝĮ ȣʌȐȡȤȠȣȞ įȪȠ ʌĮȡĮȜȜĮȖȑȢ ĮȞȐȜȠȖĮ ȝİ ĲȘȞ ʌȠȚȩĲȘĲĮ ȕȡĮȤȠȝȐȗĮȢ ʌȠȣ ʌȡȠ-
ıįȚȠȡȓȗİĲĮȚ ıȪȝĳȦȞĮ ȝİ ĲĮ įȚİșȞȒ ʌȡȩĲȣʌĮ ȖİȦȝȘȤĮȞȚțȒȢ ĲĮȟȚȞȩȝȘıȘȢ ĲȦȞ ʌİĲȡȦ-
ȝȐĲȦȞ. ǹȞ ĲȠ ʌȑĲȡȦȝĮ ȤĮȡĮțĲȘȡȓȗİĲĮȚ Įʌȩ ȐȡȚıĲȘȢ ȑȦȢ ĮʌȠįİțĲȒȢ ʌȠȚȩĲȘĲĮȢ ȕȡĮȤȠ-
ȝȐȗĮȢ ȝİ ȖİȦȜȠȖȚțȩ įİȓțĲȘ ĮȞĲȠȤȒȢ (ȕȜ. ʌĮȡȐȖȡĮĳȠ 4.4) ȝİȖĮȜȪĲİȡȠ ĲȠȣ 25, ĲȩĲİ ȠȚ 
ʌĮȡȐȝİĲȡȠȚ ʌȠȣ İȚıȐȖȠȞĲĮȚ İȓȞĮȚ ȠȚ ȝȑȖȚıĲİȢ ĲȚȝȑȢ ĲȦȞ ıĲĮșİȡȫȞ m țĮȚ s țĮȚ Ș ĲȚȝȒ 
ĲȘȢ ĮȞĲȠȤȒȢ ıİ ȝȠȞȠĮȟȠȞȚțȒ șȜȓȥȘ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ȩĲĮȞ ĮȣĲȩ ıȣȝʌİȡȚĳȑȡİĲĮȚ ȦȢ 
İȜĮıĲȚțȩ Ȓ ȤȦȡȓȢ İĳİȜțȣıĲȚțȒ ĮȞĲȠȤȒ țĮȚ İʌȓ ʌȜȑȠȞ ȠȚ ȣʌȠȜİȚȝȝĮĲȚțȑȢ ĲȚȝȑȢ ĲȦȞ 
ʌĮȡĮȝȑĲȡȦȞ m țĮȚ s țĮȚ Ș ĮȞĲȓıĲȠȚȤȘ ʌĮȡȐȝİĲȡȠȢ įȚȩȖțȦıȘȢ Į, İȞȫ Ƞ ȑțșİĲȘȢ a 
șİȦȡİȓĲĮȚ ȓıȠȢ ȝİ 0,5. 

Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ Ș ʌȠȚȩĲȘĲĮ ȕȡĮȤȠȝȐȗĮȢ ĮȞĲȚıĲȠȚȤİȓ ıİ ȖİȦȜȠȖȚțȩ įİȓțĲȘ ĮȞĲȠ-
ȤȒȢ ȝȚțȡȩĲİȡȠ Įʌȩ 25 (ȕȡĮȤȠȝȐȗĮ ĳĲȦȤȒȢ ʌȠȚȩĲȘĲĮȢ) Ș ʌĮȡȐȝİĲȡȠȢ s șİȦȡİȓĲĮȚ ȩĲȚ 
ȜĮȝȕȐȞİȚ ĲȘȞ ĲȚȝȒ ȝȘįȑȞ țĮȚ ıĲȠ ȝȠȞĲȑȜȠ İȚıȐȖȠȞĲĮȚ ȠȚ ȝȑȖȚıĲİȢ ĲȚȝȑȢ ȖȚĮ ĲȘȞ ʌĮȡȐ-
ȝİĲȡȠ m țĮȚ ĲȠȞ İțșȑĲȘ a țĮȚ Ș ĲȚȝȒ ĮȞĲȠȤȒȢ ıİ ȝȠȞȠĮȟȠȞȚțȒ șȜȓȥȘ ȖȚĮ İȜĮıĲȚțȐ Ȓ 
ȤȦȡȓȢ İĳİȜțȣıĲȚțȒ ĮȞĲȠȤȒ ȣȜȚțȐ țĮȚ İʌȓ ʌȜȑȠȞ ȠȚ ȣʌȠȜİȚȝȝĮĲȚțȑȢ ĲȚȝȑȢ ĲȦȞ m țĮȚ a 
țĮșȫȢ țĮȚ Ș ĲȚȝȒ ĲȘȢ ʌĮȡĮȝȑĲȡȠȣ įȚȩȖțȦıȘȢ Į ȖȚĮ ʌİĲȡȫȝĮĲĮ ȝİ ʌȜĮıĲȚțȒ ıȣȝʌİȡȚ-
ĳȠȡȐ. 

ȉȑȜȠȢ ĲĮ įİįȠȝȑȞĮ ʌȠȣ ĮĳȠȡȠȪȞ ĲȘȞ ĲĮȣĲȩĲȘĲĮ İȞȩȢ ʌİĲȡȫȝĮĲȠȢ ıȤİĲȚțȐ ȝİ ĲȠȞ 
ĲȪʌȠ țĮȚ ĲȘȞ ȝȘȤĮȞȚțȒ ĲȠȣ ıȣȝʌİȡȚĳȠȡȐ ıȣȝʌȜȘȡȫȞȠȞĲĮȚ ȝİ ĲȠ ȩȞȠȝĮ ĲȠȣ țĮȚ ĲȘȞ 
ĲȚȝȒ ĲȠȣ İȚįȚțȠȪ ĲȠȣ ȕȐȡȠȣȢ. 

Ǿ įȚĮįȚțĮıȓĮ ʌĮȡĮȝİĲȡȚțȒȢ ȝȠȞĲİȜȠʌȠȓȘıȘȢ ĲȘȢ ȝȘȤĮȞȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ İȞȩȢ 
ʌİĲȡȫȝĮĲȠȢ ıȣȞȠȥȓȗİĲĮȚ ıĲȠȞ ʌĮȡĮȝİĲȡȚțȩ ʌȓȞĮțĮ ĲȠȣ ȈȤȒȝĮĲȠȢ- Ȇ.3,Ƞ ȠʌȠȓȠȢ İȝ-
ĳĮȞȓȗİĲĮȚ ȝİĲȐ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ ʌĮȡĮțȐĲȦ ıİȚȡȐȢ İȞĲȠȜȫȞ: 
 
ModeloPropertiesoDefine Mats 



ȆĮȡȐȡĲȘȝĮ ǿǿ  134

 
ȉȠȞȓȗİĲĮȚ ȩĲȚ, ıĲȠ Phases ȣʌȐȡȤİȚ Ș įȣȞĮĲȩĲȘĲĮ ʌĮȡĮȝİĲȡȚțȒȢ ȝȠȞĲİȜȠʌȠȓȘıȘȢ 

İȞȞȚȐ įȚĮĳȠȡİĲȚțȫȞ ȣȜȚțȫȞ İțĲȩȢ ĲȠȣ ʌȡȠțĮșȠȡȚıȝȑȞȠȣ ȚįİĮĲȠȪ ȣȜȚțȠȪ (default 
material) ĲȠ ȠʌȠȓȠ ȠȡȓȗİĲĮȚ ȦȢ İȜĮıĲȚțȩ ȚıȠĲȡȠʌȚțȩ ȝȑıȠ țĮȚ ȠȚ ȠʌȠȓİȢ ĲȡȠʌȠʌȠȚȒıİȚȢ 
ȝʌȠȡȠȪȞ ȞĮ ȖȓȞȠȣȞ ȖȚĮ ĲȠ ȣȜȚțȩ ĮȣĲȩ ĮĳȠȡȠȪȞ ĲȚȢ ʌĮȡĮȝȑĲȡȠȣȢ ĲȘȢ ıȣȖțİțȡȚȝȑȞȘȢ 
țĮĲȘȖȠȡȓĮȢ ȣȜȚțȫȞ (ȚıȩĲȡȠʌĮ țĮȚ İȜĮıĲȚțȐ). 
 

 
 
ȈȤ. Ȇ.3: ȉȡȩʌȠȢ İȚıĮȖȦȖȒȢ įİįȠȝȑȞȦȞ ʌĮȡĮȝİĲȡȚțȒȢ ȝȠȞĲİȜȠʌȠȓȘıȘȢ ĲȘȢ ȝȘȤĮȞȚțȒȢ 
ıȣȝʌİȡȚĳȠȡȐȢ İȞȩȢ ʌİĲȡȫȝĮĲȠȢ ıĲȠ Phases. 
 
 

īȚĮ ȞĮ ȖȚĮ ȞĮ İȞİȡȖȠʌȠȚȘșȠȪȞ ȠȚ ʌĮȡȐȝİĲȡȠȚ ĲȠȣ ȣȜȚțȠȪ ʌȠȣ ȝȠȞĲİȜȠʌȠȚİȓĲĮȚ ıĲȠ 
ʌȡȠıȠȝȠȓȦȝĮ (ıİ ʌİȡȓʌĲȦıȘ ʌȠȣ ĲȠ ȣȜȚțȩ ĮȣĲȩ įİȞ ȑȤİȚ ȠȡȚıĲİȓ ȦȢ default material 
ĮȜȜȐ ȦȢ ȑȞĮ Įʌȩ ĲĮ ȣʌȩȜȠȚʌĮ İȞȞȑĮ ȣȜȚțȐ ʌȠȣ ȝʌȠȡİȓ ȞĮ ĮȞĮȖȞȦȡȓıİȚ ĲȠ Phases), 
ʌȡȑʌİȚ ȞĮ İțĲİȜİıĲİȓ Ș İȞĲȠȜȒ Locate Mats Įʌȩ ĲȠ ȣʌȠȝİȞȠȪ İȞĲȠȜȫȞ Properties ȝİ 
ĲȘȞ ȠʌȠȓĮ İȚıȐȖȠȞĲĮȚ ȠȚ ȚįȚȩĲȘĲİȢ ĲȠȣ ȣȜȚțȠȪ ıĲȘȞ ȣʌȩ ĮȞȐȜȣıȘ ʌİȡȚȠȤȒ ʌİʌİȡĮıȝȑ-
ȞȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ ʌİȡȚțȜİȓİĲĮȚ ȝİĲĮȟȪ ȠȡȓȠȣ İțıțĮĳȒȢ țĮȚ ȣȕȡȚįȚțȠȪ ıȣȞȩȡȠȣ, 
İțĲȠʌȓȗȠȞĲĮȢ țĮȚ ĮʌİȞİȡȖȠʌȠȚȫȞĲĮȢ ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȠȣ ȚįİĮĲȠȪ ʌȡȠțĮșȠȡȚıȝȑȞȠȣ ȣȜȚ-
țȠȪ. 

Ȉİ ʌİȡȓʌĲȦıȘ, ʌȠȣ ĲȠ ʌȡȠıȠȝȠȓȦȝĮ ʌȡȠȕȜȑʌİȚ ʌĮȡȠȣıȓĮ ʌİȡȚııȠĲȑȡȦȞ ĲȠȣ İȞȩȢ 
ȣȜȚțȫȞ İȞĲȩȢ ĲȘȢ ȓįȚĮȢ ʌİȡȚȠȤȒȢ ĮȞȐȜȣıȘȢ, șĮ ʌȡȑʌİȚ țĮĲȐ ĲȘȞ ȤȐȡĮȟȘ ĲȦȞ ȠȡȓȦȞ țĮȚ 
ȝİĲȐ ĲȘȞ İȚıĮȖȦȖȒ ĲȠȣ ȠȡȓȠȣ ĲȘȢ İțıțĮĳȒȢ țĮȚ ĲȘȢ ȣȕȡȚįȚțȒȢ İʌȚĳȐȞİȚĮȢ, ȞĮ 
İȚıĮȤșȠȪȞ ȩȡȚĮ įȚĮȤȦȡȚıȝȠȪ ȝİĲĮȟȪ įȚĮĳȠȡİĲȚțȫȞ ȣȜȚțȫȞ. Ǿ ȜİȚĲȠȣȡȖȓĮ ĮȣĲȒ ʌȡĮ-
ȖȝĮĲȠʌȠȚİȓĲĮȚ ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ ʌĮȡĮțȐĲȦ ıİȚȡȐȢ İȞĲȠȜȫȞ: 

 
ModeloFE RegionoMat BadryoAdd Mater 
 

ȉȠ įȚĮȤȦȡȚıĲȚțȩ ȩȡȚȠ ȝİĲĮȟȪ įȚĮĳȠȡİĲȚțȫȞ ȣȜȚțȫȞ İȝĳĮȞȓȗİĲĮȚ ȦȢ ȖȡĮȝȝȒ ʌȡȐıȚ-
ȞȠȣ ȤȡȫȝĮĲȠȢ. 
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x�ǼțĲȑȜİıȘ ĲȘȢ ʌȡȠıȠȝȠȓȦıȘȢ 
 

ǹĳȠȪ țĮșȠȡȚıĲȠȪȞ ȩȜİȢ ȠȚ ʌĮȡȐȝİĲȡȠȚ ĲȠȣ ȝȠȞĲȑȜȠȣ, İțĲİȜİȓĲĮȚ Ș İȞĲȠȜȒ 
Compute Įʌȩ ĲȘȞ ȕĮıȚțȒ ȜȓıĲĮ İȞĲȠȜȫȞ ĲȠȣ Phases, ʌȡȠțİȚȝȑȞȠȣ ȞĮ ʌȡȠıįȚȠȡȚıșİȓ Ș 
ȤȦȡȚțȒ țĮĲĮȞȠȝȒ ĲȐıİȦȞ țĮȚ ȝİĲĮĲȠʌȓıİȦȞ ıĲȘȞ ȣʌȩ ĮȞȐȜȣıȘ ʌİȡȚȠȤȒ ȝİ ĲȠȞ ĮȡȚ-
șȝȘĲȚțȩ ĮȜȖȩȡȚșȝȠ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ Ƞ ȠʌȠȓȠȢ İȓȞĮȚ İȞıȦȝĮĲȦȝȑȞȠȢ ıĲȠ 
Phases. ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ Įʌȩ ĲȘȞ İțĲȑȜİıȘ ĮȣĲȠȪ ĲȠȣ ĮȜȖȩȡȚșȝȠȣ, 
țĮĲĮȤȦȡȠȪȞĲĮȚ ıİ ȝȚĮ ȠȝȐįĮ ĮȡȤİȓȦȞ İȟȩįȠȣ ĲȦȞ ȠʌȠȓȦȞ ĲȠ ȩȞȠȝĮ țĮșȠȡȓȗİĲĮȚ Įʌȩ 
ĲȠȞ ȓįȚȠ ĲȠȞ ȤȡȒıĲȘ țĮĲȐ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ İȞĲȠȜȒȢ Compute. 
 
ȆĮȡȐįİȚȖȝĮ-1: ȆȡȠıȠȝȠȓȦȝĮ ȂȠȞȠıĲĮįȚĮțȒȢ ǼțıțĮĳȒȢ ȈȒȡĮȖȖĮȢ țȣțȜȚțȒȢ ǻȚĮĲȠȝȒȢ 
țĮȚ ǼȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȒ ǹȞȐȜȣıȘ. 
 

ȆĮȡȠȣıȚȐȗȠȞĲĮȚ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĮȞȐʌĲȣȟȘȢ ʌȡȠıȠȝȠȚȫȝĮĲȠȢ įȚȐȞȠȚȟȘȢ ıȒȡĮȖ-
ȖĮȢ țȣțȜȚțȒȢ įȚĮĲȠȝȒȢ ʌȠȣ İțıțȐʌĲİĲĮȚ İȞĲȩȢ ĮıȕİıĲȠȜȚșȚțȠȪ ıȤȘȝĮĲȚıȝȠȪ. 
 
ȆĮȡȐȝİĲȡȠȚ ĲȠȣ ȝȠȞĲȑȜȠȣ: 
 
ǻȚȐȝİĲȡȠȢ ȈȒȡĮȖȖĮȢ: 5m 
 
ǼȞĲĮĲȚțȩ ʌİįȓȠ: 
 
ı1=10MPa, ı3=10MPa, ız=10MPa, ș=0Ƞ 

 
ǿįȚȩĲȘĲİȢ ʌİĲȡȫȝĮĲȠȢ: 
 
ǹıȕİıĲȩȜȚșȠȢ, ȚıȠĲȡȠʌȚțȩ, İȜĮıĲȚțȩ țĮȚ ıȣȞİȤȑȢ ĮįȚĮĲȐȡĮțĲȠ ȣȜȚțȩ, ȕȡĮȤȠȝȐȗĮ ȝİ 
ȣȥȘȜȩ īİȦȜȠȖȚțȩ ǻİȓțĲȘ ǹȞĲȠȤȒȢ. 
ǼȚįȚțȩ ȕȐȡȠȢ: 0,0233 MN/m3 

ȂȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ: 28500 MPa 
ȁȩȖȠȢ Poisson: 0,29 
 
ȀȡȚĲȒȡȚȠ ĮıĲȠȤȓĮȢ Hoek țĮȚ Brown 
 
ǹȞĲȠȤȒ ıİ ȂȠȞȠĮȟȠȞȚțȒ șȜȓȥȘ: 51MPa 
m=7, s=1, a=0,5 
 

ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȘȢ ĮȞȐȜȣıȘȢ țĮĲĮȤȦȡȒșȘțĮȞ ıİ ȠȝȐįĮ ĮȡȤİȓȦȞ İȟȩįȠȣ ȝİ 
ȖİȞȚțȩ ȩȞȠȝĮ Tun1.* țĮȚ ʌİȡȚȜĮȝȕȐȞȠȣȞ ĲȘȞ ʌĮȡȠȣıȓĮıȘ ĲȘȢ įȚĮȝȩȡĳȦıȘȢ ĲȦȞ ʌİ-
įȓȦȞ ĲȦȞ ĲȐıİȦȞ ı1, ı3 țĮȚ ız ıĲȘȞ ȣʌȩ ĮȞȐȜȣıȘ ʌİȡȚȠȤȒ, ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ țĮĲȐ 
ĲȠȣȢ ȐȟȠȞİȢ Ox țĮȚ Oy țĮȚ ĲȦȞ ıȣȞȠȜȚțȫȞ ȝİĲĮĲȠʌȓıİȦȞ ıĲȠ İʌȓʌİįȠ Oxy țĮșȫȢ 
İʌȓıȘȢ țĮȚ ĲȠȣ ȈȣȞĲİȜİıĲȒ ǹıĳȐȜİȚĮȢ, Ƞ ȠʌȠȓȠȢ ȠȡȓȗİĲĮȚ Įʌȩ ĲȠ ʌȘȜȓțȠ ĲȘȢ ĮȞĲȠȤȒȢ 
ĲȠȣ ʌİĲȡȫȝĮĲȠȢ įȚĮ ĲȘȞ ĲȐıȘ ʌȠȣ İȟĮıțİȓĲĮȚ ıİ țȐșİ ıȘȝİȓȠ ĲȘȢ ȣʌȩ ĮȞȐȜȣıȘ 
ʌİȡȚȠȤȒȢ ȖȪȡȦ Įʌȩ ĲȘȞ İțıțĮĳȒ. 

Ǿ ʌĮȡȠȣıȓĮıȘ ĲȦȞ ʌĮȡĮʌȐȞȦ ĮʌȠĲİȜİıȝȐĲȦȞ ȖȓȞİĲĮȚ ȝİ İʌȠʌĲȚțȩ ĲȡȩʌȠ, ȕȐıİȚ 
İȞȩȢ ȤȡȦȝĮĲȚțȠȪ țȫįȚțĮ ʌȠȣ ʌİȡȚȖȡĮĳİȓ ĲȘȞ ȑȞĲĮıȘ ĲȘȢ ʌȡȠıįȚȠȡȚȗȩȝİȞȘȢ ʌĮȡĮȝȑ-
ĲȡȠȣ (ĲȐıȘȢ, ȝİĲĮĲȩʌȚıȘȢ Ȓ ĲȚȝȒȢ ıȣȞĲİȜİıĲȒ ĮıĳȐȜİȚĮȢ) ȝİ ĲȘȞ ȕȠȒșİȚĮ ȝȚĮȢ ʌȡȠ-
țĮșȠȡȚıȝȑȞȘȢ țȜȓȝĮțĮȢ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ įȚĮĳȠȡİĲȚțȑȢ ʌİȡȚȠȤȑȢ ĲȚȝȫȞ ıİ įȚĮĳȠȡİĲȚțȐ 
ȤȡȫȝĮĲĮ. ȅ ȤȡȒıĲȘȢ ȝʌȠȡİȓ ȞĮ įİȚ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȘȢ ĮȞȐȜȣıȘȢ ȝİ ĲȠȞ ʌĮȡĮʌȐȞȦ 
İʌȠʌĲȚțȩ ĲȡȩʌȠ, ĮȞȠȓȖȠȞĲĮȢ ĲȠ ĮȡȤİȓȠ Tun1.pha ȝȑıĮ Įʌȩ ĲȠ ȜİȚĲȠȣȡȖȚțȩ ʌİȡȚȕȐȜȜȠȞ 
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ĲȠȣ Phases İțĲİȜȫȞĲĮȢ ĲȘȞ İȞĲȠȜȒ Read File Įʌȩ ĲȠ ȕĮıȚțȩ ȝİȞȠȪ İȞĲȠȜȫȞ. Ǿ ȕĮıȚ-
țȒ ȠșȩȞȘ ʌĮȡȠȣıȓĮıȘȢ ʌİȡȚȜĮȝȕȐȞİȚ ĲȘȞ įȚĮțȡȚĲȠʌȠȚȘȝȑȞȘ ʌİȡȚȠȤȒ ȝİȜȑĲȘȢ ʌȠȣ 
ȠȡȚȠșİĲİȓĲĮȚ ȝİĲĮȟȪ ĲȠȣ ȣȕȡȚįȚțȠȪ ȠȡȓȠȣ țĮȚ ĲȠȣ ȠȡȓȠȣ ĲȘȢ İțıțĮĳȒȢ țĮȚ țĮȜȪʌĲİĲĮȚ 
Įʌȩ ĲȠ ʌȑĲȡȦȝĮ Ȓ ĲĮ ʌİĲȡȫȝĮĲĮ ȖȚĮ ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȦȞ ȠʌȠȓȦȞ ȖȓȞİĲĮȚ Ș ȝȠȞĲİȜȠʌȠȓȘ-
ıȘ țĮșȫȢ İʌȓıȘȢ țĮȚ ĲȠȞ ʌȡȠıĮȞĮĲȠȜȚıȝȩ ĲȠȣ İȟȦĲİȡȚțȠȪ İȞĲĮĲȚțȠȪ ʌİįȓȠȣ ȑĲıȚ 
ȩʌȦȢ ȑȤİȚ ȠȡȚıșİȓ țĮĲȐ ĲȘȞ İȚıĮȖȦȖȒ ĲȦȞ įİįȠȝȑȞȦȞ (ȕȜ. ȈȤ. Ȇ.4). 

 
 
ȈȤ. Ȇ.4: ȆȡȠıȠȝȠȓȦȝĮ ĲȘȢ ʌİȡȚȠȤȒȢ ĮıȕİıĲȩȜȚșȠȣ ȖȪȡȦ Įʌȩ ĲȘȞ İțıțĮĳȒ ĲȘȢ ıȒȡĮȖȖĮȢ. 
 
 

ȆȡȠțİȚȝȑȞȠȣ ȞĮ İȞİȡȖȠʌȠȚȘșȠȪȞ ĲĮ İʌȠʌĲȚțȐ ĮʌȠĲİȜȑıȝĮĲĮ ĲȘȢ ĮȞȐȜȣıȘȢ, ʌȡȑʌİȚ 
ȞĮ İțĲİȜİıĲİȓ Ș İȞĲȠȜȒ Interpret Įʌȩ ĲȠ ȕĮıȚțȩ ȝİȞȠȪ țĮȚ ȞĮ İʌȚȜȑȖİȚ Ș țĮĲȐȜȜȘȜȘ 
İȞĲȠȜȒ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȘȞ ʌĮȡȠȣıȓĮıȘ ĲȠȣ ʌİįȓȠȣ ĲȘȢ ʌĮȡĮȝȑĲȡȠȣ İȞįȚĮĳȑȡȠȞĲȠȢ. 
ȅȚ İȞĲȠȜȑȢ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ ıĲȘ ʌĮȡȠȣıȓĮıȘ ĲȦȞ ʌİįȓȦȞ ĲȦȞ İȞĲĮĲȚțȫȞ țĮȚ 
ʌĮȡĮȝȠȡĳȦıȚĮțȫȞ ʌĮȡĮȝȑĲȡȦȞ İȓȞĮȚ ȠȚ İȟȒȢ: 
 
InterprentoSigma1                               ȖȚĮ ĲȠ ʌİįȓȠ ĲȘȢ ĲȐıȘȢ ı1 

InterprentoSigma3                               ȖȚĮ ĲȠ ʌİįȓȠ ĲȘȢ ĲȐıȘȢ ı3 

InterprentoSigma z                               ȖȚĮ ĲȠ ʌİįȓȠ ĲȘȢ ĲȐıȘȢ ız 

InterprentoDisplacmtoX                    ȖȚĮ ĲȠ ʌİįȓȠ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ ux 

InterprentoDisplacmtoȊ                     ȖȚĮ ĲȠ ʌİįȓȠ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ uy 

InterprentoDisplacmtoTotal         ȖȚĮ ĲȠ ʌİįȓȠ ĲȘȢ ıȣȞȠȜȚțȒȢ İʌȓʌİįȘȢ ȝİĲĮĲȩʌȚıȘȢ 
InterprentoStrght Fac                           ȖȚĮ ĲȠ ʌİįȓȠ ĲȠȣ ıȣȞĲİȜİıĲȒ ĮıĳȐȜİȚĮȢ 
 

ȈĲȠ ȣʌȠȝİȞȠȪ ĲȘȢ țȐșİ ȝȓĮȢ Įʌȩ ĲȚȢ ʌĮȡĮʌȐȞȦ İȞĲȠȜȑȢ, (İțĲȩȢ Įʌȩ ĮȣĲȒȢ ȖȚĮ ĲȠȞ 
ıȣȞĲİȜİıĲȒ ĮıĳȐȜİȚĮȢ), ȣʌȐȡȤİȚ Ș İȞĲȠȜȒ Toggl Traj. Ǿ İțĲȑȜİıȘ ĲȘȢ İȞĲȠȜȒȢ ĮȣĲȒȢ, 
įȓȞİȚ ĲȘȞ ʌĮȡȠȣıȓĮıȘ ĲȦȞ țĮĲİȣșȪȞıİȦȞ ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ ĲȦȞ İȞĲĮĲȚțȫȞ ȝİȖİșȫȞ Ȓ 
ĲȠȞ ʌȡȠıĮȞĮĲȠȜȚıȝȩ ĲȠȣ įȚĮȞȪıȝĮĲȠȢ ĲȘȢ ıȣȞȠȜȚțȒȢ ȝİĲĮĲȩʌȚıȘȢ (ȕȜ. ȈȤȒȝĮĲĮ- Ȇ. 
5,6,7,8,9) 



ȆĮȡȐȡĲȘȝĮ ǿǿ 137

 
ȈȤ. Ȇ.5: ȆȡȠıĮȞĮĲȠȜȚıȝȠȓ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ țĮȚ ĲȚȝȑȢ ĲȘȢ ı1 
 

 
 
ȈȤ. Ȇ.6: ȆȡȠıĮȞĮĲȠȜȚıȝȠȓ ĲȦȞ țȣȡȓȦȞ ĲȐıİȦȞ țĮȚ ĲȚȝȑȢ ĲȘȢ ı3 
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ȈȤ. Ȇ.7: ǻȚĮȞȣıȝĮĲȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ țĮȚ ĲȚȝȑȢ ĲȘȢ ȠȡȚȗȩȞĲȚĮȢ ȝİĲĮĲȩʌȚıȘȢ 
ux 
 

 
 
ȈȤ. Ȇ.8: ǻȚĮȞȣıȝĮĲȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ țĮȚ ĲȚȝȑȢ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ 
ȝİĲĮĲȩʌȚıȘȢ uy 
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ȈȤ. Ȇ.9: ǻȚĮȞȣıȝĮĲȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ țĮȚ ĲȚȝȑȢ ĲȘȢ ıȣȞȠȜȚțȒȢ ȝİĲĮĲȩʌȚıȘȢ 
 
 

ǼʌȓıȘȢ Ƞ ȤȡȒıĲȘȢ ȝʌȠȡİȓ ȤȡȘıȚȝȠʌȠȚȒıİȚ ĲȚȢ İȞĲȠȜȑȢ FreePntsoPointValue Ȓ 
FreePntsoLineValues ȖȚĮ ȞĮ įİȚ ĲȚȢ ĲȚȝȑȢ ĲȘ ʌĮȡȠȣıȚĮȗȩȝİȞȘȢ ʌĮȡĮȝȑĲȡȠȣ ıİ ȝİȝȠ-
ȞȦȝȑȞĮ ıȘȝİȓĮ Ȓ țĮĲȐ ȝȒțȠȢ ȖȡĮȝȝȫȞ ıȐȡȦıȘȢ ʌȠȣ ȓįȚȠȢ țĮșȠȡȓȗİȚ, ȑȤȠȞĲĮȢ ʌĮȡȐȜ-
ȜȘȜĮ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ȞĮ țĮĲĮȤȦȡİȓ ĲĮ įİįȠȝȑȞĮ ĮȣĲȐ ıİ ĮȡȤİȓĮ, ȩʌȠȣ țĮĲĮȖȡȐĳȠ-
ȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ʌĮȡĮȝȑĲȡȠȣ ıĲȚȢ İʌȚȜİȖȝȑȞİȢ șȑıİȚȢ ȝİ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ ȀĮȡĲİıȚĮȞȑȢ 
ıȣȞĲİĲĮȖȝȑȞİȢ. ȆĮȡĮįİȓȖȝĮĲĮ ĲȘȢ ȜİȚĲȠȣȡȖȓĮȢ ĲȦȞ İȞĲȠȜȫȞ ĮȣĲȫȞ ĳĮȓȞȠȞĲĮȚ ıĲĮ 
ȈȤȒȝĮĲĮ- Ȇ .10,11,12. 
 

 
 
ȈȤ. Ȇ.10: ǼȞįİȚțĲȚțȑȢ ĲȚȝȑȢ ĲȠȣ ıȣȞĲİȜİıĲȒ ĮıĳȐȜİȚĮȢ țĮĲȐ ȝȒțȠȢ ȝȚĮȢ ȖȡĮȝȝȒȢ ıȐȡȦıȘȢ. 
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ȈȤ. Ȇ.11: ǼȞįİȚțĲȚțȑȢ ĲȚȝȑȢ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ ux țĮĲȐ ȝȒțȠȢ ȝȚĮȢ ȖȡĮȝȝȒȢ ıȐȡȦıȘȢ. 
 

 
 
ȈȤ. Ȇ 12: ǼȞįİȚțĲȚțȑȢ ĲȚȝȑȢ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ uy țĮĲȐ ȝȒțȠȢ ȝȚĮȢ ȖȡĮȝȝȒȢ ıȐȡȦıȘȢ. 
 
 
x�ǹȞȐʌĲȣȟȘ ĲȠȣ ʌȡȠıȠȝȠȚȫȝĮĲȠȢ ȝİ ȤȡȒıȘ ǼıȦĲİȡȚțȫȞ ȈȣȞȠȡȚĮțȫȞ ȈȣȞșȘțȫȞ  
 

ȅȚ İıȦĲİȡȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ĮĳȠȡȠȪȞ ʌȡȠțĮșȠȡȚıȝȑȞİȢ ĲȚȝȑȢ ĲȐıİȦȞ Ȓ 
ȝİĲĮĲȠʌȓıİȦȞ ȠȚ ȠʌȠȓİȢ ȠȡȓȗȠȞĲĮȚ İʌȓ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ İțıțĮĳȒȢ. Ǿ İȚıĮȖȦȖȒ ıȣȞȠ-
ȡȚĮțȫȞ ıȣȞșȘțȫȞ ȖȓȞİĲĮȚ ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ İȞĲȠȜȒȢ: 
 
ModeloFE RegionoBndry Cond 
 

ȅȚ ĲȡȩʌȠȚ țĮșȠȡȚıȝȠȪ ĲȘȢ İıȦĲİȡȚțȒȢ ıȣȞȠȡȚĮțȒȢ ıȣȞșȒțȘȢ İȓȞĮȚ ĲȡİȚȢ : 
 

Bndry CondoDisplacmnt  
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ȖȚĮ ʌȡȠțĮșȠȡȚıȝȑȞİȢ ĲȚȝȒȢ ȝİĲĮĲȠʌȓıİȦȞ ıĲȠ ȩȡȚȠ ĲȘȢ İțıțĮĳȒȢ 
 
Bndry CondoSurface Load  
 
ȖȚĮ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞȠ ʌİįȓȠ ĲȐıİȦȞ ıİ ȀĮȡĲİıȚĮȞȑȢ Ȓ ʌȠȜȚțȑȢ ıȣȞĲİĲĮȖȝȑȞİȢ țĮĲȐ 
ȝȒțȠȢ ʌȡȠİʌȚȜİȖȝȑȞȘȢ ȖȡĮȝȝȒȢ ĳȩȡĲȚıȘȢ İʌȓ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ İțıțĮĳȒȢ. 
 
Bndry CondoInternal Pr 
 
 ȖȚĮ ȠȝȠȚȩȝȠȡĳȘ İıȦĲİȡȚțȒ ʌȓİıȘ İȟĮıțȠȪȝİȞȘ ıİ ȩȜȠ ĲȠ ıȪȞȠȡȠ ĲȘȢ İțıțĮĳȒȢ. 
 

ȅȚ įȪȠ ĲİȜİȣĲĮȓȠȚ ĲȡȩʌȠȚ İȚıĮȖȦȖȒȢ İıȦĲİȡȚțȒȢ ıȣȞȠȡȚĮțȒȢ ıȣȞșȒțȘȢ, ĮʌȠıțȠ-
ʌȠȪȞ ıĲȘȞ ʌȡȠıȠȝȠȓȦıȘ ĲȠȣ ȝȘȤĮȞȚıȝȠȪ ȤĮȜȐȡȦıȘȢ ĲȦȞ ʌȡȠȨʌĮȡȤȩȞĲȦȞ ĲȐıİȦȞ, 
ȜȩȖȦ ȩȡȣȟȘȢ ĲȘȢ ıȒȡĮȖȖĮȢ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ İȞȩȢ ȠȝȠȚȩȝȠȡĳȠȣ İȟȦĲİȡȚțȠȪ ʌİįȓȠȣ 
ĲȐıİȦȞ İʌȚȜȑȖİĲĮȚ Ƞ ĲȡȓĲȠȢ ĲȡȩʌȠȢ țĮșȠȡȚıȝȠȪ İıȦĲİȡȚțȒȢ ıȣȞȠȡȚĮțȒȢ ıȣȞșȒțȘȢ. 

Ǽȟ’ ȠȡȚıȝȠȪ, Ș İıȦĲİȡȚțȒ ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ (ȩʌȦȢ țĮȚ ȠʌȠȚĮįȒʌȠĲİ ȐȜȜȘ İıȦĲİ-
ȡȚțȒ ĳȩȡĲȚıȘ), İȓȞĮȚ ȝȘįȑȞ țĮȚ ȖȚĮ ĲȠ ȜȩȖȠ ĮȣĲȩ, Ƞ ȤȡȒıĲȘȢ ȣʌȠȤȡİȠȪĲĮȚ ȞĮ įȫıİȚ ȝȘ 
ȝȘįİȞȚțȒ ĲȚȝȒ ıĲȘȞ ıȣȞȠȡȚĮțȒ ıȣȞșȒțȘ țĮȚ ȞĮ İʌĮȞĮȜȐȕİȚ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ 
ĮȞȐȜȣıȘȢ ȖȚĮ ĲȘȞ ĲȚȝȒ ĮȣĲȒ. Ȉİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ șĮ ʌȡȠțȪȥȠȣȞ ȞȑĮ ĮʌȠĲİȜȑ-
ıȝĮĲĮ ȖȚĮ ĲĮ İȞĲĮĲȚțȐ țĮȚ ʌĮȡĮȝȠȡĳȦıȚĮțȐ ȝİȖȑșȘ. ǹȣĲȩ įȓȞİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ʌĮ-
ȡĮțȠȜȠȪșȘıȘȢ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ ıİ ȝȚĮ ıȣȖțİțȡȚȝȑȞȘ ʌİȡȚȠȤȒ ĲȠȣ ʌİįȓȠȣ ĲȦȞ 
ȝİĲĮĲȠʌȓıİȦȞ țĮȚ ĲȘȞ İȟĮȖȦȖȒ ĲȘȢ țĮȝʌȪȜȘȢ ȤĮȜȐȡȦıȘȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ. 

Ǿ įȚĮįȚțĮıȓĮ ĮȣĲȒ İțĲİȜȑıĲȘțİ ȖȚĮ ĲȠ ʌĮȡȩȞ ȝȠȞĲȑȜȠ, ȖȚĮ įȚȐĳȠȡİȢ ĲȚȝȑȢ ĲȘȢ İıȦ-
ĲİȡȚțȒȢ ʌȓİıȘȢ țĮȚ ʌȡȠȑțȣȥĮȞ ĲĮ țȐĲȦșȚ ĮʌȠĲİȜȑıȝĮĲĮ: 
 
ȆȓȞĮțĮȢ Ȇ.1: ǹȞĮȜȣĲȚțȐ įİįȠȝȑȞĮ ĮȞȐȜȣıȘȢ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ ıİ ıȤȑıȘ ȝİ ĲȘȞ İʌȚȕĮȜȜȩȝİȞȘ 
İıȦĲİȡȚțȒ ʌȓİıȘ ȣʌȠıĲȒȡȚȟȘȢ. 
 

 ȂȑȖȚıĲȘ ȂİĲĮĲȩʌȚıȘ (mm) 
Pi (MPa) X Y Total 

10 0 0 0 
9,5 0,05674 0,05674 0,05674 
9 0,11349 0,11349 0,11349 

8,5 0,1723 0,1723 0,1723 
8 0,22697 0,22697 0,22697 

7,5 0,2837 0,2837 0,2837 
7 0,34046 0,34046 0,34046 

6,5 0,3972 0,3972 0,3972 
6 0,45395 0,45395 0,45395 

5,5 0,51069 0,51069 0,51069 
5 0,56743 0,56743 0,56743 

4,5 0,62417 0,62417 0,62417 
4 0,68092 0,68092 0,68092 

3,5 0,73766 0,73766 0,73766 
3 0,7944 0,7944 0,7944 

2,5 0,85114 0,85114 0,85114 
2 0,90789 0,90789 0,90789 

1,5 0,96463 0,96463 0,96463 
1 1,0214 1,0214 1,0214 

0,5 1,0781 1,0781 1,0781 
0 1,1336 1,1336 1,1336 
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ǺȐıİȚ ĲȦȞ ĮȡȚșȝȘĲȚțȫȞ įİįȠȝȑȞȦȞ ĲȠȣ ʌĮȡĮʌȐȞȦ ʌȓȞĮțĮ, ıȤİįȚȐȗİĲĮȚ Ș țĮȝʌȪȜȘ 
ĮʌȩțȡȚıȘȢ Ȓ ȤĮȜȐȡȦıȘȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ ʌȠȣ ʌİȡȚȕȐȜİȚ ĲȘȞ İțıțĮĳȒ (ȈȤ. Ȇ.13).  
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ȈȤ. Ȇ..13: ǻȚȐȖȡĮȝȝĮ ĲȘȢ İıȦĲİȡȚțȒȢ ʌȓİıȘȢ ıİ ıȤȑıȘ ȝİ ĲȘ ȝȑȖȚıĲh ʌĮȡĮĲȘȡȠȪȝİȞȘ ȝİĲĮĲȩ-
ʌȚıȘ ʌİȡȚȝİĲȡȚțȐ ĲȘȢ İțıțĮĳȒȢ Įʌȩ ĲȘȞ ĮȞȐȜȣıȘ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ ȝİ ĲȠ Phases (Phases 
data) țĮȚ ıȪȖțȡȚıȘ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ȝİ ĲȘȞ ȉȡȓĲȘ Įʌȩ ĲȚȢ   ĮȞĮȜȣĲȚțȑȢ ıȤȑıİȚȢ 3.11(Model). 
 
 
ȆİȡȚȖȡĮĳȒ ȆȡȠıȠȝȠȚȫȝĮĲȠȢ ȈĲĮįȚĮțȒȢ ǻȚȐȞȠȚȟȘȢ țĮȚ ȊʌȠıĲȒȡȚȟȘȢ ȈȒȡĮȖȖĮȢ 
 

ǵʌȦȢ ȑȤİȚ ĮȞĮĳİȡșİȓ ȒįȘ, ĲȠ ʌȡȩȖȡĮȝȝĮ Phases ʌĮȡȑȤİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ʌȡȠıȠ-
ȝȠȓȦıȘȢ ĲȘȢ țĮĲĮıțİȣȒȢ ȝȚĮȢ ıȒȡĮȖȖĮȢ, ıİ ʌİȡȚııȩĲİȡĮ ĲȠȣ İȞȩȢ ıĲȐįȚĮ İțıțĮĳȒȢ 
țĮȚ ĲȠʌȠșȑĲȘıȘȢ ĲȘȢ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȒȡȚȟȘȢ. Ǿ įȚĮįȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ ıİ 
ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ İȓȞĮȚ Ș İȟȒȢ: 
 
x�ȀĮșȠȡȚıȝȩȢ ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ ıĲĮįȓȦȞ țĮĲĮıțİȣȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ 
 

ȅ ĮȡȚșȝȩȢ ĲȦȞ ıĲĮįȓȦȞ, ıİ ȑȞĮ ʌȠȜȣıĲĮįȚĮțȩ ʌȡȠıȠȝȠȓȦȞĮ țĮĲĮıțİȣȒȢ ıȒȡĮȖ-
ȖĮȢ ʌȡȑʌİȚ ȞĮ ȖȓȞİĲĮȚ ʌȡȚȞ ȞĮ ȟİțȚȞȒıİȚ Ƞ ıȤİįȚĮıȝȩȢ ĲȘȢ ȠʌȠȚĮıįȒʌȠĲİ ıȣȞȠȡȚĮțȒȢ 
ȖȡĮȝȝȒȢ. ǹȣĲȩ İȓȞĮȚ İĳȚțĲȩ ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ İȞĲȠȜȒȢ Job Control Įʌȩ ĲȘȞ ȜȓıĲĮ 
İȞĲȠȜȫȞ ĲȠȣ ȝİȞȠȪ Model. ǼțĲİȜȫȞĲĮȢ ĲȘȞ ʌĮȡĮʌȐȞȦ İȞĲȠȜȒ, İȝĳĮȞȓȗİĲĮȚ ıĲȘȞ 
ȠșȩȞȘ ĲȠȣ Ǿ/Ȋ Ƞ ʌȓȞĮțĮȢ ĲȠȣ ıȤȒȝĮĲȠȢ Ȇ-14, ȠʌȠȓȠȢ ʌİȡȚȑȤİȚ ĲȚȢ ȜİȖȩȝİȞİȢ 
«ȆĮȡĮȝȑĲȡȠȣȢ ǼȜȑȖȤȠȣ» ĲȠȣ ȣʌȠȜȠȖȚıĲȚțȠȪ ĮȜȖȩȡȚșȝȠȣ ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıĲȘȞ İțĲȑ-
ȜİıȘ ȝȚĮȢ ʌȡȠıȠȝȠȓȦıȘȢ țĮȚ ȠʌȠȓİȢ İȓȞĮȚ ȠȚ İȟȒȢ: 

 
- ȅ ĮȡȚșȝȩȢ ĲȦȞ ȈĲĮįȓȦȞ įȚȐȞȠȚȟȘȢ țĮȚ ĲȠʌȠșȑĲȘıȘȢ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ ĲȘȢ     

ıȒȡĮȖȖĮȢ țĮȚ   Ƞ ȠʌȠȓȠȢ ʌȜȘțĲȡȠȜȠȖİȓĲĮȚ ıĲȘ șȑıȘ No. of Stages 
- ȅ ȝȑȖȚıĲȠȢ ĮȡȚșȝȩȢ İʌĮȞĮȜȒȥİȦȞ ȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ ĲȐıİȦȞ ıİ țȐșİ ıȘȝİȓȠ 

                (țȩȝȕȠ) ĲȠȝȒȢ ĲȡȚȫȞ ĲȡȚȖȦȞȚțȫȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ĲȘȢ ʌİȡȚȠȤȒȢ 
                ȝİȜȑĲȘȢ (Max. No. Iter.) țĮĲȐ ĲȘȞ İʌȓȜȣıȘ ĲȦȞ İȟȚıȫıİȦȞ ȚıȠȡȡȠʌȓĮȢ ĲȦȞ 
                ĲȐıİȦȞ. 

- Ǿ ȝȑȖȚıĲȘ İʌȚĲȡİʌĲȒ ıȤİĲȚțȒ ĮʌȩțȜȚıȘ, ȝİĲĮȟȪ įȪȠ įȚĮįȠȤȚțȫȞ ȜȪıİȦȞ ĲȦȞ  
                İȟȚıȫıİȦȞ ȚıȠȡȡȠʌȓĮȢ ıİ țȐșİ țȩȝȕȠ ĲȘȢ įȚĮțȡȚĲȠʌȠȚȘȝȑȞȘȢ ʌİȡȚȠȤȒȢ 
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                ȝİȜȑĲȘȢ (Local Tolerance) 
- Ǿ ȝȑȖȚıĲȘ İʌȚĲȡİʌĲȒ ıȤİĲȚțȒ ĮʌȩțȜȚıȘ, ȝİĲĮȟȪ įȪȠ įȚĮįȠȤȚțȫȞ ȜȪıİȦȞ ĲȦȞ  
       İȟȚıȫıİȦȞ ȚıȠȡȡȠʌȓĮȢ ıİ ȩȜȠ ĲȠ İʌȓʌİįȠ ȝȠȞĲȑȜȠ ĲȘȢ ȣʌ’ ȩȥȘ ʌİȡȚȠȤȒȢ    
       ȝİȜȑĲȘȢ (Global Tolerance). 
 

 
 

ȈȤ. Ȇ.14:  ȉȡȩʌȠȢ țĮșȠȡȚıȝȠȪ ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ ıĲĮįȓȦȞ (Stages) İȞȩȢ ʌȠȜȣıĲĮįȚĮțȠȪ 
ʌȡȠıȠȝȠȚȫȝĮĲȠȢ țĮĲĮıțİȣȒȢ ıȒȡĮȖȖĮȢ țĮșȫȢ țĮȚ ĲȦȞ ȣʌȠȜȠȓʌȦȞ ȆĮȡĮȝȑĲȡȦȞ ǼȜȑȖȤȠȣ ĲȠȣ 
ȣʌȠȜȠȖȚıĲȚțȠȪ ĮȜȖȩȡȚșȝȠȣ: 
 

ȅ ĮȡȚșȝȩȢ ĲȦȞ ıĲĮįȓȦȞ ʌȠȣ İȚıȐȖİĲĮȚ, șĮ ʌȡȑʌİȚ ȞĮ İȓȞĮȚ șİĲȚțȩȢ ĮțȑȡĮȚȠȢ ȝȘ 
ȝȘįİȞȚțȩȢ ĮȡȚșȝȩȢ ȝİ İȜȐȤȚıĲȘ įȣȞĮĲȒ ĲȚȝȒ 1 (ȖȚĮ ȝȠȞȠıĲĮįȚĮțȩ ȝȠȞĲȑȜȠ ʌȡȠıȠ-
ȝȠȓȦıȘȢ). 
 
x��ȈȤİįȚĮıȝȩȢ ĲȦȞ ıĲĮįȓȦȞ ĲȘȢ İțıțĮĳȒȢ. 
 

ȂİĲȐ ĲȠȞ țĮșȠȡȚıȝȩ ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ ıĲĮįȓȦȞ ĲȘȢ ʌȡȠıȠȝȠȓȦıȘȢ, ĮțȠȜȠȣșİȓ Ƞ 
ıȤİįȚĮıȝȩȢ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ İțıțĮĳȒȢ țĮȚ ĲȠȣ ıȣȞȩȡȠȣ ĲȘȢ ȣȕȡȚįȚțȒȢ İʌȚĳȐȞİȚĮȢ, 
ʌȠȣ ȠȡȚȠșİĲİȓ ĲȘȞ ʌİȡȚȠȤȒ ȝİȜȑĲȘȢ, ıȪȝĳȦȞĮ ȝİ ĲȘȞ ȖȞȦıĲȒ įȚĮįȚțĮıȓĮ İțĲȑȜİıȘȢ 
İȞĲȠȜȫȞ ʌȠȣ ʌİȡȚȖȡȐĳİĲĮȚ ıĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ İȞȩĲȘĲĮ ȖȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ ȝȠȞȠıĲĮįȚĮ-
țȠȪ ʌȡȠıȠȝȠȚȫȝĮĲȠȢ. 

Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ Ș İțıțĮĳȒ ĲȘȢ ıȒȡĮȖȖĮȢ įİȞ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ ıİ ȑȞĮ ıĲȐįȚȠ 
ĮȜȜȐ ĲȝȘȝĮĲȚțȐ İȓȞĮȚ ĮȞĮȖțĮȓĮ Ș İȚıĮȖȦȖȒ İȞȩȢ «ȈȣȞȩȡȠȣ ȈĲĮįȓȠȣ ǼțıțĮĳȒȢ-Stage 
ǺȠundary» Ș ȠʌȠȓĮ ȖȓȞİĲĮȚ ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ ʌĮȡĮțȐĲȦ ĮțȠȜȠȣșȓĮȢ İȞĲȠȜȫȞ: 

 
ModeloBoundariesoStg BndryoAdd Bndry 
 

Ǿ İțĲȑȜİıȘ ĲȦȞ ʌĮȡĮʌȐȞȦ İȞĲȠȜȫȞ İʌȚĲȡȑʌİȚ ĲȠȞ ıȤİįȚĮıȝȩ ȝȚĮȢ ıȣȞȠȡȚĮțȒȢ 
ȖȡĮȝȝȒȢ, İȞĲȩȢ ĲȘȢ ʌİȡȚȠȤȒȢ ʌȠȣ ʌİȡȚțȜİȓİĲĮȚ Įʌȩ ĲȠ ıȪȞȠȡȠ ȝȚĮȢ İțıțĮĳȒȢ, țĮȚ Ș 
ȠʌȠȓĮ ȠȣıȚĮıĲȚțȐ ȤȦȡȓȗİȚ ĲȘȞ İțıțĮʌĲȩȝİȞȘ ʌİȡȚȠȤȒ ıİ ĲȝȒȝĮĲĮ ĲĮ ȠʌȠȓĮ įȚĮȞȠȓ-
ȖȠȞĲĮȚ ıİ įȚĮĳȠȡİĲȚțȐ ıĲȐįȚĮ. Ǿ ıȣȞȠȡȚĮțȒ ĮȣĲȒ ȖȡĮȝȝȒ İȝĳĮȞȓȗİĲĮȚ ıĲȘȞ ȠșȩȞȘ 
ĲȠȣ Ǿ/Ȋ ȝİ țȓĲȡȚȞȠ ȤȡȫȝĮ țĮȚ Ș įȚĮțȡȚĲȠʌȠȚȒıȘ ĲȘȢ ȖȓȞİĲĮȚ ȝİ ĮȞĲȓıĲȠȚȤȘ İȞĲȠȜȒ 
Discretize ȩʌȦȢ țĮȚ ȖȚĮ ȠʌȠȚȠįȒʌȠĲİ ȐȜȜȠ İȓįȠȢ ıȣȞȩȡȠȣ.  
 
x��ǼȚıĮȖȦȖȒ ıȣıĲȘȝȐĲȦȞ ȣʌȠıĲȒȡȚȟȘȢ ȝİ ĲȘȞ ȝȠȡĳȒ ĮȖțȣȡȓȦȞ ȕȡȐȤȠȣ (Rock Bolts) 
 

ȈĲȠ Phases ĲȠ ȝȠȞĮįȚțȩ ıȪıĲȘȝĮ ȣʌȠıĲȒȡȚȟȘȢ, ȖȚĮ ĲȠ ȠʌȠȓȠ ȣʌȐȡȤȠȣȞ ʌȡȠįȚĮȖȡĮ-
ĳȑȢ țĮȚ ĲİȤȞȚțȑȢ ʌĮȡȐȝİĲȡȠȚ İȓȞĮȚ ĲĮ ĮȖțȪȡȚĮ ȕȡȐȤȠȣ, İȞȫ ȠʌȠȚȠıįȒʌȠĲİ ȐȜȜȠȢ ĲȪʌȠȢ 
ıȘȝİȚĮțȒȢ Ȓ țĮĲĮȞİȝȘȝȑȞȘȢ ȣʌȠıĲȒȡȚȟȘȢ ʌȡȠıȠȝȠȚȐȗİĲĮȚ ȝİ ĲȘȞ İȚıĮȖȦȖȒ țĮĲȐȜȜȘ-
ȜȦȞ İıȦĲİȡȚțȫȞ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ, ȤȦȡȓȢ ĲȘȞ İȚıĮȖȦȖȒ ȚįȚĮȓĲİȡȦȞ ʌȡȠįȚĮȖȡĮ-
ĳȫȞ țĮȚ ʌĮȡĮȝȑĲȡȦȞ. 

īȚĮ ȞĮ İȚıĮȤșȠȪȞ ĲĮ ĮȖțȪȡȚĮ ıĲȠȞ ıȤİįȚĮıȝȩ ĲȠȣ ȝȠȞĲȑȜȠȣ, İțĲİȜİȓĲĮȚ Ș İȞĲȠȜȒ 
Bolts Įʌȩ ĲȠ ȣʌȠȝİȞȠȪ İȞĲȠȜȫȞ FE Region. 
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ȈĲȠ ȣʌȠȝİȞȠȪ İȞĲȠȜȫȞ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȘȞ İʌȚȜȠȖȒ Bolts, ȣʌȐȡȤȠȣȞ ȠȚ İȞĲȠȜȑȢ: 
 

- Bolt Geom 
- Fully Bonded 
- End Anchored 
- Instal Delay 

 
Ȃİ ĲȘȞ İȞĲȠȜȒ Bolt Geom țĮșȠȡȓȗİĲĮȚ Ș ȖİȦȝİĲȡȚțȒ țĮĲĮȞȠȝȒ ĲȘȢ ĲȠʌȠșȑĲȘıȘȢ 

ĲȦȞ ĮȖțȣȡȓȦȞ ıȪȝĳȦȞĮ ȝİ ĲĮ ıĲȠȚȤİȓĮ ĲȠȣ ʌȓȞĮțĮ ʌȠȣ ʌĮȡȠȣıȚȐȗİĲĮȚ ıĲȠ ȈȤ. 42 țĮȚ 
ĲĮ ȠʌȠȓĮ ĮĳȠȡȠȪȞ ĲȘȞ ȖİȦȝİĲȡȓĮ ĲȠʌȠșȑĲȘıȘȢ ĲȦȞ ĮȖțȣȡȓȦȞ (Installation Type) ȖȚĮ 
ĲȠȞ ȠʌȠȓȠ ȣʌȐȡȤȠȣ įȪȠ įȣȞĮĲȩĲȘĲİȢ: 
 

- ȈȘȝİȚĮțȒ ȉȠʌȠșȑĲȘıȘ (Spot Bolting) 
- ȀĮĲĮȞİȝȘȝȑȞȘ ȉȠʌȠșȑĲȘıȘ (Pattern Bolting) 

 
ȈĲȘȞ ʌȡȫĲȘ ʌİȡȓʌĲȦıȘ, Ș ȉȠʌȠșȑĲȘıȘ ĲȦȞ ĮȖțȣȡȓȦȞ ȖȓȞİĲĮȚ ıİ ıȣȖțİțȡȚȝȑȞĮ ıȘ-

ȝİȓĮ ĲȘȢ ʌİȡȚȝȑĲȡȠȣ İțıțĮĳȒȢ, ȝİ ȝȒțȠȢ ʌȠȣ țĮșȠȡȓȗİĲĮȚ ȐȝİıĮ țĮĲȐ ĲȠȞ ıȤİįȚĮıȝȩ 
ĲȠȣ ȐȟȠȞĮ ĮȖțȪȡȦıȘȢ ıĲȠ ıȣȖțİțȡȚȝȑȞȠ ıȘȝİȓȠ. ȈĲȘȞ įİȪĲİȡȘ ʌİȡȓʌĲȦıȘ, Ș ȉȠʌȠșȑ-
ĲȘıȘ ĲȦȞ ĮȖțȣȡȓȦȞ ȖȓȞİĲĮȚ ĮȣĲȩȝĮĲĮ ıİ ʌȡȠİʌȚȜİȖȝȑȞȠ ĲȝȒȝĮ ĲȘȢ ʌİȡȚȝȑĲȡȠȣ 
İțıțĮĳȒȢ (Ȓ țĮȚ ıİ ȩȜȘ ĲȘȞ ʌİȡȓȝİĲȡȠ), ȩʌȠĲİ ıİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ ʌȡȠțĮșȠȡȓ-
ȗİĲĮȚ ĲȠ ȝȒțȠȢ ĲȦȞ ĮȖțȣȡȓȦȞ L (Bolt Length), Ș ĮʌȩıĲĮıȘ ȝİĲĮȟȪ įȪȠ įȚĮįȠȤȚțȫȞ 
ıȘȝİȓȦȞ ĮȖțȪȡȦıȘȢ ıĲȠ İʌȓʌİįȠ ĮȞȐȜȣıȘȢ ȅxy (In-Plane Spacing) țĮȚ Ƞ ĲȡȩʌȠȢ 
ʌȡȠıĮȞĮĲȠȜȚıȝȠȪ ĲȦȞ ĮȖțȣȡȓȦȞ ıİ ıȤȑıȘ ȝİ ĲȠ ıȪȞȠȡȠ ĲȘȢ İțıțĮĳȒȢ ȖȚĮ ĲȠȞ ȠʌȠȓȠ 
ȣʌȐȡȤȠȣȞ įȪȠ įȣȞĮĲȩĲȘĲİȢ: 
 

- ǹțĲȚȞȚțȒ ĮȖțȪȡȦıȘ (Radial) 
- ǹȖțȪȡȦıȘ țȐșİĲĮ ıĲȠ ıȪȞȠȡȠ ĲȘȢ İțıțĮĳȒȢ (Normal to Excavation) 
 

 
 
ȈȤ. Ȇ.15: ȉȡȩʌȠȢ țĮșȠȡȚıȝȠȪ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĮȖțȪȡȦıȘȢ ʌİȡȚȝİĲȡȚțȐ ĲȘȢ İțıțĮĳȒȢ 
 
 

Ȃİ ĲȘȞ İȞĲȠȜȒ Instal Delay țĮșȠȡȓȗİĲĮȚ Ș ȝȑȖȚıĲȘ ĲȚȝȒ ĲȘȢ ȣʌȠȜİȚȝȝĮĲȚțȒȢ ʌȓİıȘȢ 
ȣʌȠıĲȒȡȚȟȘȢ, ȦȢ ʌȠıȠıĲȩ ĲȘȢ ıȣȞȠȜȚțȒȢ İȟȦĲİȡȚțȒȢ ĳȩȡĲȚıȘȢ țĮȚ ȠȣıȚĮıĲȚțȐ țĮșȠ-
ȡȓȗİȚ ĲȠ ıȘȝİȓȠ ȠȜȠțȜȒȡȦıȘȢ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ ıİ ıȤȑıȘ ȝİ ĲȘȞ șȑıȘ ĲȠȣ ȝİĲȫʌȠȣ 
İțıțĮĳȒȢ ıĲȠȞ Oz-ȐȟȠȞĮ. Ǿ ĲȚȝȒ ĮȣĲȒ, ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ ıȘȝİȓȠ ĲȠȝȒȢ ĲȘȢ țĮȝʌȪ-
ȜȘȢ ȤĮȜȐȡȦıȘȢ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ, ȝİ ĲȘȞ ȤĮȡĮțĲȘȡȚıĲȚțȒ țĮȝʌȪȜȘ ĮȞĲȓįȡĮıȘȢ ĲȠȣ 
ıȣıĲȒȝĮĲȠȢ ȣʌȠıĲȒȡȚȟȘȢ (ıĲȘ ıȣȖțİțȡȚȝȑȞȘ ʌİȡȓʌĲȦıȘ ĲȠȣ ĮȖțȣȡȓȠȣ) ʌȠȣ ıĲȘȞ Ƞȣ-
ıȓĮ įȓȞİȚ ĲȚȢ ĲȚȝȑȢ ȚıȠȡȡȠʌȓĮȢ ȝİĲĮȟȪ ʌİĲȡȫȝĮĲȠȢ țĮȚ ȣʌȠıĲȒȡȚȟȘȢ ȖȚĮ ĲȘȞ ĳȩȡĲȚıȘ 
țĮȚ ĲȘȞ ȝİĲĮĲȩʌȚıȘ. 
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Ǿ İȞİȡȖȠʌȠȓȘıȘ ĲȘȢ įȚĮįȚțĮıȓĮȢ ıȤİįȚĮıȝȠȪ ĲȦȞ ĮȖțȣȡȓȦȞ, ȖȓȞİĲĮȚ ȝİ ĲȘȞ 

İțĲȑȜİıȘ ĲȦȞ İȞĲȠȜȫȞ Fully Bonded Ȓ End Anchored. Ǿ įȚĮĳȠȡȐ ʌȠȣ ȣʌȐȡȤİȚ ȝİĲĮȟȪ 
ĲȦȞ įȪȠ ĮȣĲȫȞ İȞĲȠȜȫȞ, İȓȞĮȚ ȦȢ ʌȡȠȢ ĲȠȞ ĲȡȩʌȠ ʌȡȩıĳȣıȘȢ ĲȦȞ ĮȖțȣȡȓȦȞ ȝİ ĲȠ 
ʌİȡȚȕȐȜȜȠȞ ʌȑĲȡȦȝĮ, Ș ȠʌȠȓĮ ȝʌȠȡİȓ ȞĮ İȓȞĮȚ ıȣȞİȤȒȢ (įȘȜĮįȒ țĮșǯ ȩȜȠ ĲȠ ȝȒțȠȢ 
ĲȠȣ ĮȖțȣȡȓȠȣ) ȩĲĮȞ İțĲİȜİȓĲĮȚ Ș İȞĲȠȜȒ Fully Bonded Ȓ ĮıȣȞİȤȒȢ (įȘȜĮįȒ ʌȡȩıĳȣıȘ 
ȣʌȐȡȤİȚ ȝȩȞȠ ıĲȘȞ ʌȜȐțĮ ȑįȡĮıȘȢ țĮȚ ıĲȠ įȚĮıĲİȜȜȩȝİȞȠ ȐțȡȠ ĲȠȣ ĮȖțȣȡȓȠȣ) ȩĲĮȞ 
İțĲİȜİȓĲĮȚ Ș İȞĲȠȜȒ End Anchored. ǼȓȞĮȚ ʌȡȠĳĮȞȑȢ ȩĲȚ Ƞ ĲȡȩʌȠȢ ʌȡȩıĳȣıȘȢ ĲȦȞ 
ĮȖțȣȡȓȦȞ ȝİ ĲȠ ʌİȡȚȕȐȜȜȠȞ ʌȑĲȡȦȝĮ, İʌȘȡİȐȗİȚ ĲȠȞ ĲȡȩʌȠ ȣʌȠȜȠȖȚıȝȠȪ ĲȘȢ țĮĲĮ-
ȞȠȝȒȢ ĲȦȞ ĳȠȡĲȓȦȞ ıĲĮ ĮȖțȪȡȚĮ. ȈȣȞȠʌĲȚțȐ Ș ıİȚȡȐ İȞĲȠȜȫȞ ʌȠȣ İțĲİȜİȓĲĮȚ ȖȚĮ ĲȘȞ 
İȚıĮȖȦȖȒ ĲȦȞ ĮȖțȣȡȓȦȞ İȓȞĮȚ Ș İȟȒȢ: 

 
FE RegionoBoltsoBolt GeomoInstal Delayo�Fully Bonded Ȓ End Anchored 
 
x��ȀĮșȠȡȚıȝȩȢ ĲȦȞ ĲİȤȞȚțȫȞ ʌȡȠįȚĮȖȡĮĳȫȞ ĲȦȞ ĮȖțȣȡȓȦȞ 
 

Ǿ İȚıĮȖȦȖȒ ĲȦȞ ĲİȤȞȚțȫȞ ʌĮȡĮȝȑĲȡȦȞ ĲȦȞ ĮȖțȣȡȓȦȞ İȓȞĮȚ ʌĮȡȩȝȠȚĮ ȝİ ĲȘȞ įȚĮįȚ-
țĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ țĮȚ ıĲȘȞ ʌİȡȓʌĲȦıȘ ĲȠȣ țĮșȠȡȚıȝȠȪ ĲȦȞ ȝȘȤĮȞȚțȫȞ ȤĮȡĮ-
țĲȘȡȚıĲȚțȫȞ ĲȠȣ ʌİȡȚȕȐȜȜȠȞĲȠȢ ʌİĲȡȫȝĮĲȠȢ İțĲİȜȫȞĲĮȢ ĲȘȞ İȞĲȠȜȒ DefineBolts Įʌȩ 
ĲȠ ȣʌȠȝİȞȠȪ İȞĲȠȜȫȞ Properties. ȅȚ ʌĮȡȐȝİĲȡȠȚ ʌȠȣ țĮșȠȡȓȗȠȞĲĮȚ ıĲȘȞ ʌİȡȓʌĲȦıȘ 
ĲȦȞ ĮȖțȣȡȓȦȞ İȓȞĮȚ ȠȚ İȟȒȢ (ȕȜ. țĮȚ ȈȤ. 43). 

 
- ǵȞȠȝĮ ĮȖțȣȡȓȠȣ (Bolt Name) 
- ǻȚȐȝİĲȡȠȢ ĮȖțȣȡȓȠȣ d (Bolt Diameter) 
- ȂȑĲȡȠ ǼȜĮıĲȚțȩĲȘĲĮȢ Ǽ (Bolt Modulus) 
- ȂȑȖȚıĲȘ ĳȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ (Peak Capacity) 
- ǼȜȐȤȚıĲȘ ĳȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ (Residual capacity) 
- ĭȠȡĲȓȠ ʌȡȠȑȞĲĮıȘȢ (Pre-Tensioning) 
- ǹȟȠȞȚțȒ ĮʌȩıĲĮıȘ ĮȖțȪȡȦıȘȢ (Out- of-Plane spacing ) 
 

 
 
ȈȤ. Ȇ.15: ȉȡȩʌȠȢ țĮșȠȡȚıȝȠȪ ĲȦȞ ʌȡȠįȚĮȖȡĮĳȫȞ ĮȖțȪȡȦıȘȢ 
 
 

ȅ ıȣȞįȣĮıȝȩȢ ĲȦȞ ʌĮȡĮʌȐȞȦ ʌĮȡĮȝȑĲȡȦȞ țĮșȠȡȓȗİȚ ĲȘȞ țĮȝʌȪȜȘ ĮȞĲȓįȡĮıȘȢ 
ĲȠȣ ĮȖțȣȡȓȠȣ, ĲȘȞ ĮțĮȝȥȓĮ țĮȚ ĲȘȞ ĮįȡȐȞİȚĮ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ȣʌȠıĲȒȡȚȟȘȢ ȦȢ ʌȡȠȢ 
ĲȘȞ ȚțĮȞȩĲȘĲĮ ʌĮȡĮȜĮȕȒȢ ĳȠȡĲȓȦȞ țĮȚ ʌĮȡĮȝȠȡĳȫıİȦȞ. Ǿ țȜȓıȘ ĲȘȢ țĮȝʌȪȜȘȢ ĮȞĲȓ-



ȆĮȡȐȡĲȘȝĮ ǿǿ  146

įȡĮıȘȢ țĮșȠȡȓȗİĲĮȚ ȐȝİıĮ Įʌȩ ĲȠȞ ıȣȞĲİȜİıĲȒ ĮțĮȝȥȓĮȢ ĲȠȣ țȠȤȜȓĮ Ƞ ȠʌȠȓȠȢ 
ȠȡȓȗİĲĮȚ Įʌȩ ĲȘȞ ʌĮȡĮțȐĲȦ İȟȓıȦıȘ: 

 

L4
Edʌk

2

  

 
Ǿ ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ įȓȞİȚ ĲȘȞ țȜȓıȘ ĲȘȢ İȜĮıĲȚțȒȢ țĮȝʌȪȜȘȢ ĮȞĲȓįȡĮıȘȢ ĲȠȣ 

țȪȡȓȠȣ ıĲİȜȑȤȠȣȢ İȞȩȢ ĮȖțȪȡȚȠȣ (ĮțĮȝȥȓĮ țȠȤȜȓĮ) ıİ įȚȐȖȡĮȝȝĮ ĳȠȡĲȓȠȣ-İʌȚȝȒ-
țȣȞıȘȢ. Ǿ ĲİȜȚțȒ țȜȓıȘ ĲȘȢ țĮȝʌȪȜȘȢ ĮȞĲȓįȡĮıȘȢ ĲȠȣ ĮȖțȣȡȓȠȣ ʌȡȠțȪʌĲİȚ ʌȡȠıșȑ-
ĲȠȞĲĮȢ ıĲȘȞ ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ ĲȠȞ ȩȡȠ 1/Q. Ǿ ıĲĮșİȡȐ Q İȓȞĮȚ Ș «ȈĲĮșİȡȐ ǻȪȞĮȝȘȢ 
– ǼʌȚȝȒțȣȞıȘȢ» ȖȚĮ ĲȠ ĮȖțȣȡȠȪȝİȞȠ ȐțȡȠ, țĮȚ ĲȘȞ țİĳĮȜȒ ĲȠȣ țȠȤȜȓĮ țĮȚ ʌȡȠıįȚȠ-
ȡȓȗİĲĮȚ Įʌȩ ʌİȚȡĮȝĮĲȚțȑȢ țĮȝʌȪȜİȢ İȟȩȜțİȣıȘȢ țȠȤȜȚȫȞ ȩʌȦȢ ĮȣĲȒ ĲȠȣ ȈȤ.3.20. ȉȠ 
Q ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ įȚĮĳȠȡȐ țȜȓıȘȢ ȝİĲĮȟȪ ĲȘȢ țĮȝʌȪȜȘȢ İȜĮıĲȚțȒȢ ĮʌȩțȡȚıȘȢ ĲȠȣ 
țȣȡȓȦȢ ıĲİȜȑȤȠȣȢ, Įʌȩ ĲȘȞ ȠȜȚțȒ ʌİȚȡĮȝĮĲȚțȒ țĮȝʌȪȜȘ, ȝİ ȕȐıȘ ĲȘȞ ĮțȩȜȠȣșȘ 
ıȤȑıȘ: 
 

21

1eb12eb2

TT
)uu()uu(

Q
�

���
                                                                                  

 
ȂİĲȐ ĲȘȞ ȠȜȠțȜȒȡȦıȘ ĲȠȣ ıȤİįȚĮıȝȠȪ ĲȘȢ İțıțĮĳȒȢ țĮȚ ĲȘȢ ĲȠʌȠșȑĲȘıȘȢ ĲȦȞ 

ĮȖțȣȡȓȦȞ, ĮțȠȜȠȣșİȓ Ș įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȘȢ ʌİȡȚȠȤȒȢ ȝİȜȑĲȘȢ ıİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚ-
ȤİȓĮ, ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ İȞĲȠȜȒȢ Mesh Įʌȩ ĲȠ ȣʌȠȝİȞȠȪ İȞĲȠȜȫȞ Boundaries. Ȉİ 
ʌİȡȓʌĲȦıȘ ʌȠȣ ĲȠ ȝȠȞĲȑȜȠ ȑȤİȚ ȠȡȚıșİȓ ȦȢ ʌȠȜȣıĲĮįȚĮțȩ, Ș įȚĮțȡȚĲȠʌȠȚȒıȘ ȝİ 
ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ȖȓȞİĲĮȚ ıİ ȩȜȘ ĲȘȞ ʌİȡȚȠȤȒ ʌȠȣ ʌİȡȚțȜİȓİĲĮȚ Įʌȩ ĲȠ ȣȕȡȚįȚțȩ 
ıȪȞȠȡȠ ıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȠȣ țĮȚ ĲȠȣ ĲȝȒȝĮĲȠȢ ʌȠȣ ʌİȡȚțȜİȓİȚ ĲȠ ıȪȞȠȡȠ ĲȘȢ 
İțıțĮĳȒȢ. ǹȣĲȩ ıȘȝĮȓȞİȚ ȩĲȚ ĮȡȤȚțȐ, ıĲȠ ĲȝȒȝĮ ĮȣĲȩ șİȦȡİȓĲĮȚ ȩĲȚ ȣʌȐȡȤİȚ ʌȑĲȡȦȝĮ 
ĲȠ ȠʌȠȓȠ ȝʌȠȡİȓ ȞĮ ĮĳĮȚȡİșİȓ įİȣĲİȡȠȖİȞȫȢ ȝİ ĲȘȞ įȚĮįȚțĮıȓĮ Excavated ĲȘȢ İȞĲȠȜȒȢ 
Locate Materials. Ǿ İȞĲȠȜȒ ĮȣĲȒ İțĲİȜİȓĲĮȚ ȖȚĮ țȐșİ ıĲȐįȚȠ ȟİȤȦȡȚıĲȐ țĮȚ ĮĳĮȚȡİȓ 
ĲȝȒȝĮĲĮ ĲȘȢ İțıțĮĳȒȢ ʌȠȣ ʌİȡȚțȜİȓȠȞĲĮȚ ȝİĲĮȟȪ ĲȠȣ ıȣȞȩȡȠȣ İțıțĮĳȒȢ țĮȚ İȞȩȢ 
ıȣȞȩȡȠȣ ıĲĮįȓȠȣ (Stage Boundary). ǹȞĲȓıĲȠȚȤȘ İȞĲȠȜȒ ȖȚĮ ĲĮ ĮȖțȪȡȚĮ İȓȞĮȚ Ș İȞĲȠȜȒ 
Not Installed, ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ ȠʌȠȓĮȢ, ĮĳĮȚȡȠȪȞĲĮȚ ĮȖțȪȡȚĮ Įʌȩ ĲĮ ıȘȝİȓĮ ĲȘȢ 
ʌİȡȚĳȑȡİȚĮȢ ĲȘȢ İțıțĮĳȒȢ, ȖȚĮ ĲĮ ȠʌȠȓĮ įİȞ ʌȡȠȕȜȑʌİĲĮȚ ĮȖțȪȡȦıȘ ıİ ȑȞĮ 
ıȣȖțİțȡȚȝȑȞȠ ıĲȐįȚȠ. 

Ǿ İțĲȑȜİıȘ ĲȠȣ ȣʌȠȜȠȖȚıĲȚțȠȪ ĮȜȖȩȡȚșȝȠȣ ȖȓȞİĲĮȚ ĮȣĲȩȝĮĲĮ ȝİ ĲȘȞ İȞĲȠȜȒ 
Compute țĮȚ Ș ʌĮȡȠȣıȓĮıȘ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ȖȓȞİĲĮȚ ĮȞȐ ıĲȐįȚȠ ȝİ ĲȘȞ İȞĲoȜȒ 
Interpret. 

 
ȆĮȡȐįİȚȖȝĮ-2: ȆȡȠıȠȝȠȓȦȝĮ ȆȠȜȣıĲĮįȚĮțȒȢ ǼțıțĮĳȒȢ ȈȒȡĮȖȖĮȢ ȀȣțȜȚțȒȢ țĮȚ 
ĲȠʌȠșȑĲȘıȘȢ ĮȖțȣȡȓȦȞ. 
 

ȆĮȡȠȣıȚȐȗȠȞĲĮȚ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĮȞȐʌĲȣȟȘȢ ʌȡȠıȠȝȠȚȫȝĮĲȠȢ ıĲĮįȚĮțȒȢ įȚȐȞȠȚ-
ȟȘȢ ıȒȡĮȖȖĮȢ ĲȘȢ țȣțȜȚțȒȢ įȚĮĲȠȝȒȢ ʌȠȣ ʌİȡȚȖȡȐĳİĲĮȚ ıĲȠ ʌĮȡȐįİȚȖȝĮ-1: 
 
ȈĲȐįȚȠ 1Ƞ : ǻȚȐȞȠȚȟȘ ĲȠȣ ȐȞȦ ȝȚıȠȪ ĲȘȢ ıȒȡĮȖȖĮȢ 
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ȈȤ. Ȇ.16: ȆȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ 
 
 
ȈĲȐįȚȠ 2Ƞ : ȉȠʌȠșȑĲȘıȘ ĮȖțȣȡȓȦȞ ĲȪʌȠȣ 5 ıĲȘȞ ȠȡȠĳȒ țĮȚ ĲĮ ʌȜĮȧȞȐ ĲȠȚȤȫȝĮĲĮ ĲȘȢ 
İțıțĮĳȒȢ. 
 

                                 
ȈȤ. Ȇ.16: ȉȠʌȠșȑĲȘıȘ ĮȖțȣȡȓȦȞ ȝİĲȐ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ. 
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ȈĲȐįȚȠ 3Ƞ : ǻȚȐȞȠȚȟȘ ĲȠȣ țȐĲȦ ȝȚıȠȪ ĲȘȢ ıȒȡĮȖȖĮȢ 

                              
ȈȤ. Ȇ 17: ȉȡȓĲȠ ıĲȐįȚȠ țĮĲĮıțİȣȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ ȝİĲȐ ĲȘȞ ȠȜȠțȜȒȡȦıȘ ĲȦȞ 
                               įȪȠ ʌȡȫĲȦȞ ıĲĮįȓȦȞ. 
 
 
ȈĲȐįȚȠ 4Ƞ : ȅȜȠțȜȒȡȦıȘ ĲȦȞ ȑȡȖȦȞ ʌȡȠıȦȡȚȞȒȢ ȣʌȠıĲȒȡȚȟȘȢ, ȝİ ĲȘȞ ĲȠʌȠșȑĲȘıȘ 
                  ĮȖțȣȡȓȦȞ ĲȪʌȠȣ 5 ıĲȠ įȐʌİįȠ țĮȚ ĲĮ ʌȜĮȧȞȐ ĲȠȚȤȫȝĮĲĮ. 

                                      

 
ȈȤ. Ȇ .18 :ȉİȜȚțȩ ıĲȐįȚȠ țĮĲĮıțİȣȒȢ ĲȘȢ ıȒȡĮȖȖĮȢ. 
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ȆȡȠįȚĮȖȡĮĳȑȢ ĮȖțȪȡȦıȘȢ: 
 
īİȦȝİĲȡȓĮ ĲȠʌȠșȑĲȘıȘȢ ĲȦȞ ĮȖțȣȡȓȦȞ: 
ǹʌȩıĲĮıȘ ĮȖțȣȡȓȦȞ țĮĲȐ ĲȘȞ ʌİȡȚĳȑȡİȚĮ ĲȘȢ ıȒȡĮȖȖĮȢ: 2m 
ǹʌȩıĲĮıȘ țĮĲȐ ĲȠȞ ȐȟȠȞĮ ĲȘȢ ıȒȡĮȖȖĮȢ: 2m 
ȉȡȩʌȠȢ ĮȖțȪȡȦıȘȢ: ȀĮĲĮȞİȝȘȝȑȞȘ ĲȠʌȠșȑĲȘıȘ, ȝİ ĮȖțȪȡȚĮ țȐșİĲĮ ıĲȘȞ ʌİȡȚĳȑȡİȚĮ 
ĲȘȢ ıȒȡĮȖȖĮȢ țĮȚ ıİ ʌȜȒȡȘ ʌȡȩıĳȣıȘ ȝİ ĲȠ ʌİȡȚȕȐȜȜȠȞ ʌȑĲȡȦȝĮ. 
 
ȉİȤȞȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ĮȖțȣȡȓȦȞ: 
ȂȒțȠȢ ĮȖțȣȡȓȦȞ : 4 m 
ǻȚȐȝİĲȡȠȢ ĮȖțȣȡȓȦȞ: 19mm 
ȂȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ țȠȤȜȓĮ: 200000 MPa 
ĭȑȡȠȣıĮ ȚțĮȞȩĲȘĲĮ: 0,1 Ȃȃ (100Ȁȃ) 
 
ȅȡȚĮțȒ ĲȚȝȒ İıȦĲİȡȚțȒȢ ʌȓİıȘȢ ȖȚĮ ĲȘȞ ĲȠʌȠșȑĲȘıȘ ĲȦȞ ĮȖțȣȡȓȦȞ : 30% İʌȓ ĲȘȢ 
ıȣȞȠȜȚțȒȢ İȟȦĲİȡȚțȒȢ ĳȩȡĲȚıȘȢ. 
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ȆĮȡȐȡĲȘȝĮ Ǻ: 
ǹȞȐȜȣıȘ ĮıĲȠȤȓĮȢ ıȘȡȐȖȖȦȞ ȝİ ĲȘ ȝȑșȠįȠ ĲȦȞ 

ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ 
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ǼȚıĮȖȦȖȒ 
 
1.1  īİȞȚțȐ 
 
Ǿ țĮĲĮıțİȪȘ ĲİȤȞȚțȫȞ ȑȡȖȦȞ, ȩʌȦȢ Ș ȩȡȣȟȘ ıȘȡȐȖȖȦȞ, Ș İțıțĮĳȒ ʌȡĮȞȫȞ, İʌȚȤȦ-
ȝȐĲȦȞ țȜʌ., İȝĳĮȞȓȗİĲĮȚ ıȤİįȩȞ ʌĮȡȐȜȜȘȜĮ ȝİ ĲȘȞ ȖȑȞȞȘıȘ ĲȠȣ ĮȞșȡȫʌȚȞȠȚȣ 
ʌȠȜȚĲȚıȝȠȪ. Ȃİ ĲȘȞ İȟȑȜȚȟȘ ĲȘȢ ĲİȤȞȠȜȠȖȓĮȢ ĮȞȐ ĲȠȣȢ ĮȚȫȞİȢ, ĮȣȟȒșȘțİ țĮȚ Ș 
ʌȠȜȣʌȜȠțȩĲȘĲĮ ĲȦȞ ȑȡȖȦȞ. Ǿ įȚĮįȚțĮıȓĮ țĮĲĮıțİȪȘȢ ȣʌȩȖİȚȦȞ ĮȞȠȚȖȝȐĲȦȞ, ȖȚĮ 
ʌĮȡȐįİȚȖȝĮ, ȟİțȓȞȘıİ Įʌȩ ĲȘȞ İʌȠȤȒ ʌȠȣ Ƞ ȐȞșȡȦʌȠȢ ȑĳĲȚĮȟİ ĲĮ ʌȡȫĲĮ ĲȠȣ İȡȖĮȜİȓĮ 
țĮȚ ȐȡȤȚıİ ĲȘȞ İțıțĮĳȒ ıʌȘȜĮȓȦȞ ȖȚĮ ȞĮ țĮĲȠȚțȒıİȚ. ȈĲȘȞ ıȘȝİȡȚȞȒ İʌȠȤȒ, ȠȚ 
ıȒȡĮȖȖİȢ, ȝȒțȠȣȢ ȤȚȜȚȠȝȑĲȡȦȞ, ĮʌȠĲİȜȠȪȞ ĮȞĮʌȩıʌĮıĲȠ țȠȝȝȐĲȚ ĲȦȞ ȖİȦĲİȤȞȚțȫȞ 
țĮĲĮıțİȪȦȞ, İȓĲİ ʌȡȩțİȚĲĮȚ ȖȚĮ ıȒȡĮȖȖİȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıİ ȠįȚțȐ țĮȚ 
ıȚįȘȡȠįȡȠȝȚțȐ įȓțĲȣĮ, İȓĲİ ʌȡȩțİȚĲĮȚ ȖȚĮ ȑȡȖĮ ʌȡȠıʌȑȜĮıȘȢ țĮȚ İțȝİĲȐȜȜİȣıȘȢ 
ȣʌȩȖİȚȦȞ țȠȚĲĮıȝȐĲȦȞ. 
 
ȍıĲȩıȠ, Ș įȚĮĲȐȡĮȟȘ ĲȘȢ ıȣȞȑȤİȚĮȢ ĲȦȞ ȖİȦȨȜȚțȫȞ, ʌȡȠțĮȜİȓ ȝİĲĮȕȠȜȑȢ ıĲȠ İȞĲĮĲȚ-
țȩ ʌİįȓȠ ĲȦȞ įȣȞȐȝİȦȞ, ĲȦȞ ĲȐıİȦȞ țĮȚ ĲȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ ıĲĮ ʌİȡȚȕȐȜȜȠȞĲĮ ĲȘȢ 
țĮĲĮıțİȣȒȢ ʌİĲȡȫȝĮĲĮ. īȚĮ ĲȘȞ ĮıĳĮȜȒ țĮĲĮıțİȣȒ țĮȚ ĲȘȞ İȪȡȦıĲȘ ȜİȚĲȠȣȡȖȓĮ 
ĲȑĲȠȚȦȞ ȑȡȖȦȞ, șĮ ʌȡȑʌİȚ ȠȚ ȝȘȤĮȞȚțȠȓ ʌȠȣ ĮıȤȠȜȠȪȞĲĮȚ ȝİ ĲȠ ȑȡȖȠ ȞĮ ȖȞȦȡȓȗȠȣȞ ĲȠ 
İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȩ ʌİįȓȠ ȖȪȡȦ Įʌȩ ĮȣĲȩ ʌȡȓȞ, țĮĲȐ ĲȘȞ įȚȐȡțİȚĮ țĮȚ ȝİĲȐ ĲȘȞ 
țĮĲĮıțİȣȒ ĮȣĲȠȪ. īȚĮ ĲȘȞ țĮĲĮȞȩȘıȘ ĲȦȞ ĳĮȚȞȠȝȑȞȦȞ ĮȣĲȫȞ, İȓȞĮȚ ĮʌĮȡĮȓĲȘĲȠȢ Ƞ 
ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ įȣȞȐȝİȦȞ, ĲȦȞ ĲȐıİȦȞ, ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ țĮșȫȢ țĮȚ ĲȦȞ 
ĮȞȘȖȝȑȞȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ ıİ ĳȣıȚțȐ ȣȜȚțȐ țȐĲȦ Įʌȩ įİįȠȝȑȞİȢ ıȣȞșȒțİȢ. Ǿ 
ȖȞȫıȘ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ ĮȣĲȫȞ ĲȦȞ ȖİȦȣȜȚțȫȞ ȝʌȠȡİȓ ȞĮ ȠįȘȖȒıİȚ ıĲȠ ȕȑȜĲȚıĲȠ ĮʌȠ-
ĲȑȜİıȝĮ ȩȤȚ ȝȩȞȠ Įʌȩ ʌȜİȣȡȐȢ ĮıĳȐȜİȚĮȢ, ĮȜȜȐ țĮȚ Įʌȩ ʌȜİȣȡȐȢ ȝİȓȦıȘȢ ĲȠȣ 
țȩıĲȠȣȢ ıİ İʌȚĲȡİʌĲȐ İʌȚʌİįĮ. 
 
ǿįȚĮȓĲİȡĮ ıĲȠȞ ĲȠȝȑĮ ĲȘȢ ȩȡȣȟȘȢ ıȘȡȐȖȖȦȞ (įȚĮȝʌİȡȒ ĮȞȠȓȖȝĮĲĮ) țĮȚ ıĲȠȫȞ (ĲȣĳȜȐ 
ĮȞȠȓȖȝĮĲĮ), Ș İʌĮȡțȒȢ ȖȞȫıȘ ĲȠȣ İȞĲĮĲȚțȠȪ ʌİįȓȠȣ ȕȠȘșȐİȚ ıȘȝĮȞĲȚțȐ ıĲȘȞ ĮʌȠĲȡȠ-
ʌȒ ȝİȖȐȜȦȞ țȚȞįȪȞȦȞ ĲȠıȠ ıĲȘȞ ĳȐıȘ ĲȘȢ įȚȐȞȠȚȟȘȢ, ȩıȠ țĮȚ ıĲȘȞ ıȣȞȑȤİȚĮ țĮĲȐ ĲȘȞ 
ȤȡȒıȘ ĮȣĲȫȞ. 
 
ȈȘȝĮȞĲȚțȩ İȡȖĮȜİȓȠ ȖȚĮ ĲȘȞ ʌĮȡĮĲȒȡȘıȘ țĮȚ ĲȘȞ țĮȜȪĲİȡȘ įȣȞĮĲȒ ĮȞȐʌĲȣȟȘ ĲȦȞ 
ȖİȦĲİȤȞȚțȫȞ ȑȡȖȦȞ țĮȚ įȒ ĲȦȞ ıȘȡȐȖȖȦȞ, ĮʌȠĲİȜȠȪȞ ȠȚ įȚȐĳȠȡİȢ ĮȡȚșȝȘĲȚțȑȢ ȝȑșȠ-
įȠȚ ʌȡȠıİȖȖȚıĲȚțȒȢ İʌȓȜȣıȘȢ ȝȠȞĲȑȜȦȞ ʌȠȣ șĮ ĮȞĮʌĲȣȤșȠȪȞ ıĲĮ İʌȩȝİȞĮ țİĳȐȜĮȚĮ. 
 
ȈțȠʌȩȢ ĲȠȣ ʌĮȡȩȞĲȠȢ țİĳĮȜĮȓȠȣ İȓȞĮȚ Ș țĮĲĮıțİȣȒ İȞȠȢ țȫįȚțĮ ıĲȠ ʌİȡȚȕȐȜȜȠȞ ĲȠȣ 
ʌȡȠȖȡȐȝȝĮĲȠȢ Matlab ȖȚĮ ĲȘȞ ȝİȜȑĲȘ ĲȘȢ İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȒȢ țĮĲȐıĲĮıȘȢ 
ĮȕĮșȠȪȢ ıȒȡĮȖȖĮȢ ȝİ ĲȘȞ ȕȠȒșİȚĮ ĲȘȢ ĮȡȚșȝȘĲȚțȒȢ ȝİșȩįȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚ-
ȤİȓȦȞ.  
 
ȈĲĮ İʌȩȝİȞĮ țİĳȐȜĮȚĮ ĮȞĮʌĲȪııİĲĮȚ Ș șİȦȡȓĮ ĲȘȢ İȜĮıĲȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȦȞ 
ȖİȦȨȜȚțȫȞ ıĲĮ ȠʌȠȓĮ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ Ș įȚȐȞȠȚȟȘ ĲȘȢ ıȒȡĮȖȖĮȢ, Ș șİȦȡȓĮ ĲȘȢ ȝİșȩ-
įȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ, Ș įȚĮįȚțĮıȓĮ țĮĲĮıțİȣȒȢ İȞȠȢ țȫįȚțĮ ʌİʌİȡĮıȝȑ-
ȞȦȞ ıĲȠȚȤİȓȦȞ ıĲȠ MATLAB, ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȘȢ İĳĮȡȝȠȖȒȢ ĲȠȣ țȫįȚțĮ țĮȚ Ș 
ıȪȖțȡȚıȘ ĮȣĲȫȞ ȝİ ĲȠ ʌȡȩȖȡĮȝȝĮ PHASES, țĮșȫȢ țĮȚ țȐʌȠȚĮ ıȣȝʌİȡȐıȝĮĲĮ țĮȚ 
ʌȡȠĲȐıİȚȢ ʌȠȣ ʌȡȠȑțȣȥĮȞ Įʌȩ ĲȘȞ ȝİȜȑĲȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. 
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ȀĮĲĮıĲĮĲȚțȑȢ İȟȚıȫıİȚȢ ĲȦȞ ȖİȦȣȜȚțȫȞ 
 
 
ĬİȦȡİȓĲĮȚ ȩĲȚ Ș İįĮĳȠȕȡĮȤȩȝĮȗĮ ıȣȝʌİȡȚĳȑȡİĲĮȚ ȫȢ ıȣȞİȤȑȢ ȝȑıȠ. ǵĲĮȞ ĲȠ ıȣȞİȤȑȢ 
ȝȑıȠ ȣʌȠȕȐȜȜİĲĮȚ ıİ ĳȩȡĲȚıȘ įȣȞȐȝİȦȞ Ș İȞĲĮĲȚțȒ ĲȠȣ țĮĲȐıĲĮıȘ ȝİĲĮȕȐȜȜİĲĮȚ. 
 
ȅȚ ıȤȑıİȚȢ ʌȠȣ ıȣȞįȑȠȣȞ ĲȠ ĮȓĲȚȠ (įȪȞĮȝȘ) ȝİ ĲȠ ĮʌȠĲȑȜİıȝĮ (ʌĮȡĮȝȩȡĳȦıȘ), țĮĲȐ 
ĲȘȞ ĳȩȡĲȚıȘ İȞȠȢ ıȣȞİȤȠȣȢ ıȫȝĮĲȠȢ, İȓȞĮȚ, ıȣȞȒșȦȢ, ȤȡȠȞȚțȐ ĮȞİȟȐȡĲȘĲİȢ, ĮȞĮĳȑȡȠ-
ȞĲĮȚ įİ țĮȚ ȦȢ İȟȚıȫıİȚȢ ĲȐıȘȢ – ĮȞȘȖȝȑȞȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ țĮȚ İȓȞĮȚ ĲȘȢ ȖİȞȚțȒȢ 
ȝȠȡĳȒȢ : 
                                                     )( ijij f HV                                                            [2.1] 
 
ȁȩȖȦ ĲȘȢ ʌȠȜȣʌȜȠțȩĲȘĲĮȢ ĲȦȞ ȖİȦȣȜȚțȫȞ țĮȚ ĲȠȣ ĲȡȩʌȠȣ ĮȞĲȓįȡĮıȘȢ ĲȫȞ ıİ İʌȚȕȠ-
ȜȒ įȣȞȐȝİȦȞ, Ș ȝİȜȑĲȘ ĲȘȢ İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȒȢ țĮĲȐıĲĮıȘȢ ĮȣĲȫȞ ȝʌȠȡİȓ ȞĮ 
ȖȓȞİȚ ȝİ ȣʌȑȡșİıȘ įȚĮĳȩȡȦȞ ʌȡȩĲȣʌȦȞ (ȝȠȞĲȑȜȦȞ) ĮȞȐȜȠȖĮ ȝİ ĲȘȞ ʌİȡȚȠȤȒ ĲȐıİȦȞ – 
ʌĮȡĮȝȠȡĳȫıİȦȞ ʌȠȣ ȝİȜİĲȐĲĮȚ. Ǿ ʌȠȜȣʌȜȠțȩĲȘĲĮ ĮȣĲȒ ĲȦȞ ȖİȦȣȜȚțȫȞ ȠĳİȓȜİĲĮȚ 
ıĲȘȞ ȪʌĮȡȟȘ ĮȞȚıȠĲȡȠʌȓĮȢ țĮȚ ĮȞȠȝȠȚȠȖȑȞİȚĮȢ ȝȑıĮ ıĲȠ ȓįȚȠ ȣȜȚțȩ. ȈĲĮ ʌȜĮȓıȚĮ ĲȘȢ 
ʌĮȡȠȪıĮȢ ȝİȜȑĲȘȢ ĲĮ ȖİȦȣȜȚțȐ șİȦȡȠȪȞĲĮȚ ȠȝȠȖİȞȒ țĮȚ ȚıȩĲȡȠʌĮ ıĲȠȞ ȤȫȡȠ. Ȉİ țȐ-
șİ ȝȠȡĳȒ ıȣȝʌİȡȚĳȠȡȐȢ ȣȜȚțȠȪ ĮȞĲȚıĲȠȚȤȠȪȞ įȚĮĳȠȡİĲȚțȑȢ țĮĲĮıĲĮĲȚțȑȢ İȟȚıȫıİȚȢ. 
 
ȅȚ țĮĲĮıĲĮĲȚțȑȢ İȟȚıȫıİȚȢ ʌȠȣ įȚȑʌȠȣȞ ĲȠȞ ĲȡȩʌȠ ıȣȝʌİȡȚĳȠȡȐȢ ĲȦȞ ȣȜȚțȫȞ ĮʌȜȠ-
ʌȠȚȠȪȞĲĮȚ ıİ ȠȡȚıȝȑȞİȢ ʌİȡȚʌĲȫıİȚȢ ȝİ ĲȘȞ İȚıĮȖȦȖȒ ȠȡȚıȝȑȞȦȞ ʌĮȡĮįȠȤȫȞ, Ȓ / țĮȚ 
ȝʌȠȡȠȪȞ ȞĮ ʌȡȠıįȚȠȡȚıĲȠȪȞ ʌİȚȡĮȝĮĲȚțȐ. ȉĮ ȝȠȞĲȑȜĮ ʌȠȣ țĮĲĮıțİȣȐȗȠȞĲĮȚ ȖȚĮ ȞĮ 
ʌİȡȚȖȡȐȥȠȣȞ İȞĮ ȖİȦȣȜȚțȩ ȝʌȠȡȠȪȞ ȞĮ İȓȞĮȚ ȖȡĮȝȝȚțȐ Ȓ ȝȘ ȖȡĮȝȝȚțȐ, ĮȞȐȜȠȖĮ ȝİ ĲȠ 
ĮȞ Ș țĮĲĮıĲĮĲȚțȒ İȟȓıȦıȘ ʌȠȣ ĲĮ įȚȑʌİȚ İȓȞĮȚ ȖȡĮȝȝȚțȒ Ȓ ȝȘ ȖȡĮȝȝȚțȒ.  
 
ȉĮ ʌİȡȚııȩĲİȡĮ ĲȦȞ ʌȡȠȕȜȘµȐĲȦȞ, ȝʌȠȡȠȪȞ ȞĮ ʌȡȠıȠµȠȚȦșȠȪȞ ȦȢ ȖȡĮȝȝȚțȐ ĮȞ 
șİȦȡȒıȠȣȝİ ȠĲȚ ȑȤȠȣȞ ȖȡĮµµȚțȒ ĳȣıȚțȒ ıȣµʌİȡȚĳȠȡȐ. ȈĲȘȞ ʌȡĮȖµĮĲȚțȩĲȘĲĮ, ȩµȦȢ, 
ȩȜĮ ıȤİįȩȞ ĲĮ ʌȡȠȕȜȒµĮĲĮ ʌȠȣ ȣʌȐȡȤȠȣȞ İȓȞĮȚ µȘ ȖȡĮµµȚțȐ. Ǿ įȚĮĳȠȡȐ µİĲĮȟȪ 
ȖȡĮµµȚțȒȢ țĮȚ µȘ ȖȡĮµµȚțȒȢ İʌȓȜȣıȘȢ țȐʌȠȚȠȣ ʌȡȠȕȜȒµĮĲȠȢ, țĮșȠȡȓȗİȚ țĮĲȐ ʌȩıȠ Ș 
İʌȚȜȠȖȒ ĲȘȢ ʌȡȫĲȘȢ, ȝʌȠȡİȓ ȞĮ įȫıİȚ ıȦıĲȐ ĮʌȠĲİȜȑıµĮĲĮ ȖȚĮ ĲȠ ʌȡȩȕȜȘµĮ Ȓ ȩȤȚ. 
ǵĲĮȞ Ș ĮʌȩțȜȚıȘ µİĲĮȟȪ ĲȦȞ įȣȠ ȜȪıİȦȞ İȓȞĮȚ µȚțȡȒ, ĲȩĲİ İȓȞĮȚ įȣȞĮĲȒ Ș İʌȓȜȣıȘ 
ĲȠȣ ʌȡȠȕȜȒµĮĲȠȢ ıĮȞ ȖȡĮµµȚțȩ. ȆȠȜȜȑȢ ĳȠȡȑȢ ȩȝȦȢ, ĲȠ ʌȡȩȕȜȘµĮ İȓȞĮȚ ȑȞĲȠȞĮ µȘ 
ȖȡĮµµȚțȩ țĮȚ țĮĲȐ ıȣȞȑʌİȚĮ, Ș İʌȓȜȣıȒ ĲȠȣ µİ ȖȡĮµµȚțȐ µȠȞĲȑȜĮ įİȞ İȓȞĮȚ İĳȚțĲȒ. 
ȉȣʌȚțȑȢ ȖȡĮĳȚțȑȢ ʌĮȡĮıĲȐıİȚȢ ĲȦȞ ıȤȑıİȦȞ ĲȐıȘȢ – ĮȞȘȖȝȑȞȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ ȖȚĮ 
ȖȡĮȝȝȚțȐ țĮȚ ȝȘ ȖȡĮȝȝȚțȐ İȜĮıĲȚțȐ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲȠ ıȤȒȝĮ 2.1 : 
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ȈȤȒȝĮ 2.1 : īȡĮĳȚțȑȢ ʌĮȡĮıĲȐıİȚȢ ȖȚĮ įȚȐĳȠȡİȢ ʌİȡȚʌĲȫıİȚȢ  
ıȣȝʌİȡȚĳȠȡȐȢ ĲȦȞ ȖİȦȣȜȚțȫȞ[19] 

 
ȈĲȘȞ ıȣȞȑȤİȚĮ, țĮȚ ʌȡȚȞ ʌȡȠȤȦȡȒıȠȣȝİ ıĲȘȞ ĮȞȐȜȣıȘ ĲȦȞ țĮĲĮıĲĮĲȚțȫȞ İȟȚıȫıİȦȞ 
ʌȠȣ įȚȑʌȠȣȞ ĲȘȞ ȖȡĮȝȝȚțȒ İȜĮıĲȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȦȞ ȣȜȚțȫȞ, ȤȡİȚȐȗİĲĮȚ ȞĮ įȦșȠȪȞ 
ʌȡȫĲĮ ȠȚ ȠȡȚıȝȠȓ ĲȘȢ ĲȐıȘȢ țĮȚ ĲȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ, țĮșȩıȠȞ ĮʌȠĲİȜȠȪȞ ȕĮıȚțȠȪȢ 
ȩȡȠȣȢ ĲȦȞ İȟȚıȫıİȦȞ ĮȣĲȫȞ. 
 
 
ȅȡȚıȝȩȢ ĲȘȢ ĲȐıȘȢ  
 
Ǿ ĲȐıȘ (stress) İȓȞĮȚ ĲȠ țȪȡȚȠ ȝȑȖİșȠȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȖȚĮ ĲȘȞ ĮȞȐȜȣıȘ ĲȘȢ 
İȞĲĮĲȚțȒȢ țĮĲȐıĲĮıȘȢ İȞȠȢ ıȫȝĮĲȠȢ. Ǿ ȑȞȞȠȚĮ ĲȘȢ ȝȑȖȚıĲȘȢ įȣȞĮĲȒȢ ĲȐıȘȢ İțĳȡȐȗİȚ 
ȑȞĮ ȝȑĲȡȠ ĮȞĲȠȤȒȢ İȞȠȢ ıȫȝĮĲȠȢ ȖȚĮ įİįȠȝȑȞȘ țĮĲĮʌȩȞȘıȘ[19]. Ǿ ĲȐıȘ İțĳȡȐȗİĲĮȚ 
Įʌȩ ĲȠȞ ȜȩȖȠ ĲȘȢ įȪȞĮȝȘȢ (f) ʌȠȣ ĮıțİȓĲĮȚ ıİ ȝȚĮ İʌȚĳȐȞİȚĮ ʌȡȠȢ ĲȠ İȝȕĮįȩ ĲȘȢ İʌȚ-
ĳȐȞİȚĮȢ ĮȣĲȒȢ (ǹ) : 

                                           
A
f

 V  , ]11[ 22 cm
kg

m
NPa                                            [2.2] 

 
ȅȚ ȝȠȞȐįİȢ ĲȘȢ ĲȐıȘȢ İȓȞĮȚ ȝȠȞȐįİȢ ʌȓİıȘȢ. ȈĲȠ ȝİĲȡȚțȩ ıȪıĲȘȝĮ Ș ĲȐıȘ İțĳȡȐȗİĲĮȚ 
ıİ ȝȠȞȐįİȢ Pascal (ȕȜ. İȟȓıȦıȘ 2.2). ȀĮĲĮ ĲȠ ʌĮȡİȜșȩȞ, Ș ıȣȞȒșȘȢ ȝİĲȡȚțȒ ȑțĳȡĮ-
ıȘ ĲȘȢ ĲȐıȘȢ ȒĲĮȞ ıİ kg/cm2 (ȕȜ. İȟȓı. 2.2). 
 
Ǿ įȪȞĮȝȘ İȓȞĮȚ įȚĮȞȣıȝĮĲȚțȩ ȝȑȖİșȠȢ, ȐȡĮ țĮȚ Ș ĲȐıȘ İȓȞĮȚ İʌȓıȘȢ įȚĮȞȣıȝĮĲȚțȩ ȝȑ-
ȖİșȠȢ (ıij). ǹȞĮȜȪİĲĮȚ ıĲȘȞ țȐșİĲȘ (ȠȡșȒ Ȓ țȐșİĲȘ ĲȐıȘ) țĮȚ ĲȘȞ ȠȡȚȗȩȞĲȚĮ ıȣȞȚıĲȫ-
ıĮ (įȚĮĲȝȘĲȚțȒ ĲȐıȘ).                                            
 
 
ȉĮȞȣıĲȒȢ ĲȦȞ ĲȐıİȦȞ  
 
ȅȚ ĲȐıİȚȢ ʌȠȣ ĮıțȠȪȞĲĮȚ ıİ İȞĮ ıȘȝİȓȠ İȞȠȢ ıȫȝĮĲȠȢ İțĳȡȐȗȠȞĲĮȚ Įʌȩ ĲȠȞ ĲĮȞȣıĲȒ 
ĲȦȞ ĲȐıİȦȞ (stress tensor). ȅ ĲĮȞȣıĲȒȢ ĲȦȞ ĲȐıİȦȞ ıȣȝȕȠȜȓȗİĲĮȚ ȝİ ıij , ĮʌȠĲİȜİȓĲĮȚ 
įİ, Įʌȩ İȞȞȑĮ ıȣȞȚıĲȫıİȢ. 
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»
»
»

¼

º

«
«
«

¬

ª

 

zzzyzx

yzyyyx

xzxyxx

ij

VVV
VVV
VVV

V                                            [2.3] 

 
ȉĮ įȚĮȖȫȞȚĮ ıĲȠȚȤİȓĮ ĲȠȣ ĲĮȞȣıĲȒ (i = j) ĮʌȠĲİȜȠȪȞ ĲȚȢ ȠȡșȑȢ ĲȐıİȚȢ (ıxx , ıyy , ızz) 
țĮȚ  İȓȞĮȚ șİĲȚțȑȢ ȩĲĮȞ İȓȞĮȚ İĳİȜțȣıĲȚțȑȢ. īȚĮ ȞĮ İȓȞĮȚ ĲȠ ıȫȝĮ ıİ ȚıȠȡȡȠʌȓĮ șĮ ʌȡȑ-
ʌİȚ ȠȚ ȣʌȩȜȠȚʌȠȚ ȩȡȠȚ ĲȠȣ ĲĮȞȣıĲȒ (iz j) ȞĮ İȓȞĮȚ ȓıȠȚ : 
 
                                                              jiij VV                                                        [2.4] 
 
ȅȚ ıȣȞȚıĲȫıİȢ ĲȠȣ ĲĮȞȣıĲȒ ĲȐıȘȢ șĮ ʌȡȑʌİȚ İʌȓıȘȢ ȞĮ ȚțĮȞȠʌȠȚȠȪȞ ĲȚȢ ıȣȞșȒțİȢ 
ȚıȠȡȡȠʌȓĮȢ : 
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0
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 �
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w

�
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w

 �
w
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w
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z
zzyzxz

y
zyyyxy

x
zxyxxx

zyx

zyx

zyx

EVVV

E
VVV

EVVV

                                     [2.5] 

           
ȩʌȠȣ ȠȚ ȩȡȠȚ ȕx , ȕy , ȕz İȓȞĮȚ įȣȞȐȝİȚȢ, ȠȚ ȠʌȠȓİȢ İȓȞĮȚ ȖȞȦıĲȑȢ ȖȚĮ țȐșİ ıȣȖțİțȡȚȝȑȞȠ  
ʌȡȩȕȜȘȝĮ. ȅȚ İȟȚıȫıİȚȢ (2.5) İȓȞĮȚ İȟȚıȫıİȚȢ ȚıȠȡȡȠʌȓĮȢ. ǹʌȩ ĲȚȢ İȞȞȑĮ ıȣȞȚıĲȫıİȢ 
ʌȠȣ ȑȤİȚ Ƞ ĲĮȞȣıĲȒȢ ĲȐıȘȢ (ȕȜ. ıȤ. 2.2) ȝȩȞȠ ȑȟȚ Įʌȩ ĮȣĲȑȢ İȓȞĮȚ ĮȞİȟȐȡĲȘĲİȢ :  
 

                                                         

zyyz

zxxz

yxxy

zz

yy

xx

VV
VV

VV
V

V
V

 
 

 
.                                                        [2.6] 
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ȈȤȒȝĮ 2.2 : ȈȣȞȚıĲȫıİȢ ĲȠȣ ĲĮȞȣıĲȒ ĲȐıİȦȢ Cauchy[21]. 
 
 
ȅȡȚıȝȩȢ ĲȘȢ ĮȞȘȖȝȑȞȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ  
 
Ǿ ȑȞȞȠȚĮ ĲȘȢ ĮȞȘȖȝȑȞȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ (strain) ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȖȚĮ ȞĮ įȚİȣțȡȚȞȓıİȚ 
ĲȠȞ ĲȡȩʌȠ ȝİ ĲȠȞ ȠʌȠȓȠ ȑȞĮ ıĲİȡİȩ, ıȣȞİȤȑȢ ıȫȝĮ ʌĮȡĮȝȠȡĳȫȞİĲĮȚ ȩĲĮȞ ȣʌȠȕȐȜȜİ-
ĲĮȚ ıİ ȑȞĮ İȞĲĮĲȚțȩ ʌİįȓȠ.  
 
Ǿ ĮȞȘȖȝȑȞȘ ʌĮȡĮȝȩȡĳȦıȘ ĮȞĲȚʌȡȠıȦʌİȪİȚ ȝȚĮ ĮȜȜĮȖȒ ĲȘȢ ȖİȦȝİĲȡȓĮȢ țĮȚ İȝĳĮȞȓ-
ȗİĲĮȚ ȩĲĮȞ įȚȐĳȠȡĮ ıȘȝİȓĮ ıĲȠ ıȫȝĮ ȝİĲĮĲȠʌȓȗȠȞĲĮȚ ĲȠ ȑȞĮ ıİ ıȤȑıȘ ȝİ ĲȠ ȐȜȜȠ (ȕȜ. 
İȟ. 2.7). Ǿ ʌĮȡĮȝȩȡĳȦıȘ İȞȩȢ ıȫȝĮĲȠȢ ȤĮȡĮțĲȘȡȓȗİĲĮȚ Įʌȩ įȪȠ ĲȪʌȠȣȢ ʌĮȡĮȝȠȡĳȫ-
ıİȦȞ, ĲȦȞ ȠȡșȫȞ țĮȚ ĲȦȞ įȚĮĲȝȘĲȚțȫȞ. Ǿ ȠȡșȒ ʌĮȡĮȝȩȡĳȦıȘ ĮȞĲȚʌȡȠıȦʌİȪİȚ ĲȠȞ 
ȜȩȖȠ ĲȘȢ ĮȜȜĮȖȒȢ ĲȠȣ ȝȒțȠȣȢ İȞȩȢ ȝȚțȡȠȪ ȖȡĮȝȝȚțȠȪ ıĲȠȚȤİȓȠȣ ʌȡȠȢ ĲȠ ȝȒțȠȢ ĲȠȣ, 
įȘȜĮįȒ İȓȞĮȚ ȑȞĮ ĮįȚȐıĲĮĲȠ ȝȑȖİșȠȢ. Ǿ įȚĮĲȝȘĲȚțȒ ʌĮȡĮȝȩȡĳȦıȘ įȓįİĲĮȚ ȝİ ĲȘȞ  ĮȜ-
ȜĮȖȒ ĲȘȢ ȖȦȞȓĮȢ (ıİ ĮțĲȓȞȚĮ - rad) ȝİĲĮȟȪ įȪȠ ȝȚțȡȫȞ ȖȡĮȝȝȚțȫȞ ıĲȠȚȤİȓȦȞ ʌȠȣ ȒĲĮȞ 
ĮȡȤȚțȐ țȐșİĲĮ ȝİĲĮȟȪ ĲȠȣȢ.  

                                                            
W

WDH
l

ll �
                                                      [2.7] 

ȩʌȠȣ,  
 - İ İȓȞĮȚ Ș ȖȡĮȝȝȚțȒ ĮȞȘȖȝȑȞȘ ʌĮȡĮȝȩȡĳȦıȘ 
 - lĮ İȓȞĮȚ Ș ĮȡȤȚțȒ ĮʌȩıĲĮıȘ ȝİĲĮȟȪ įȣȠ ıȘȝİȓȦȞ 
 - lĲ İȓȞĮȚ Ș ĲİȜȚțȒ ĮʌȩıĲĮıȘ ȝİĲĮȟȪ ĲȦȞ įȣȠ ıȘȝİȓȦȞ 
 
ȈĲĮ ʌİȡȚııȩĲİȡĮ ʌȡȠȕȜȒȝĮĲĮ İĳĮȡȝȠıȝȑȞȘȢ ȝȘȤĮȞȚțȒȢ, ȠȚ ʌĮȡĮȝȠȡĳȫıİȚȢ İȓȞĮȚ 
ʌȠȜȪ ȝȚțȡȑȢ ʌȠıȩĲȘĲİȢ.  
 
 
ȉĮȞȣıĲȒȢ ĲȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ  
 
Ǿ țĮĲȐıĲĮıȘ ĲȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ ıİ ȑȞĮ ıȘȝİȓȠ İȞȠȢ ıȫȝĮĲȠȢ ȠȡȓȗİĲĮȚ Įʌȩ ĲȠȞ ĲĮ-
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ȞȣıĲȒ ĲȦȞ ĲȡȠʌȫȞ (strain tensor). ȅ ĲĮȞȣıĲȒȢ ĲȦȞ ĲȡȠʌȫȞ ıȣȝȕȠȜȓȗİĲĮȚ ȝİ İij : 
 

                                                    
»
»
»

¼

º

«
«
«

¬

ª

 

zzzyzx

yzyyyx

xzxyxx

ij

HHH
HHH
HHH

H                                             [2.8] 

 
țĮȚ țĮșȠȡȓȗİĲĮȚ Įʌȩ ĲȚȢ ȝİĲĮĲȠʌȓıİȚȢ ui=(ux, uy, uz), ȝİ ĲȘȞ ʌĮȡĮįȠȤȒ ĮʌİȚȡȠıĲȫȞ 
ĲȡȠʌȫȞ : 
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2
1 HHH        [2.10]    

 
                                       zyyzzxxzyxxy HHHHHH    ,,                                [2.11] 
 
 
 
īȡĮȝȝȚțȒ ǼȜĮıĲȚțȩĲȘĲĮ (ȃȩȝȠȢ ĲȠȣ Hooke) 
 
ǵĲĮȞ ıİ İȞĮ ıȫȝĮ ĮıțȠȪȞĲĮȚ ĲȐıİȚȢ, ĲȩĲİ Ș İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮțȒ ĲȠȣ țĮĲȐıĲĮ-
ıȘ ȝİĲĮȕȐȜȜİĲĮȚ. ǵĲĮȞ ĮĳĮȚȡİșȠȪȞ ȠȚ ĲȐıİȚȢ ʌȠȣ ĮıțȠȪȞĲĮȚ ıİ ĮȣĲȩ țĮȚ ĲȠ ıȫȝĮ 
İʌĮȞȑȡȤİĲĮȚ ıĲȘȞ ĮȡȤȚțȒ ĲȠȣ țĮĲȐıĲĮıȘ, ĲȩĲİ ʌĮȡȠȣıȚȐȗİȚ İȜĮıĲȚțȒ ıȣȝʌİȡȚĳȠȡȐ. 
 
Ǿ țȜĮıȚțȒ șİȦȡȓĮ ĲȘȢ ȖȡĮȝȝȚțȒȢ İȜĮıĲȚțȩĲȘĲĮȢ İȓȞĮȚ ȕĮıȚıȝȑȞȘ ıİ ȝȚĮ ȖİȞȓțİȣıȘ 
ĲȠȣ ȞȩȝȠȣ ĲȠȣ Hooke, Ș ȠʌȠȓĮ ĮȡȤȚțȐ įȚĮĲȣʌȫșȘțİ ȖȚĮ ȑȞĮ İȜĮĲȒȡȚȠ. ȅ ȞȩȝȠȢ ĮȣĲȩȢ 
ĮʌȠțĮȜİȓĲĮȚ ȖİȞȚțİȣȝȑȞȠȢ ȞȩȝȠȢ ĲȠȣ Hooke țĮȚ įȚĮĲȣʌȫȞİȚ ȩĲȚ ıİ țȐșİ ıȘȝİȓȠ İȞȩȢ 
ĲȡȚıįȚȐıĲĮĲȠȣ, ȖȡĮȝȝȚțȐ İȜĮıĲȚțȠȪ ıȫȝĮĲȠȢ ȠȚ ȑȟȚ ȩȡȠȚ ĲȠȣ ĲĮȞȣıĲȒ ĲȐıȘȢ, ıij, ıȣ-
ıȤİĲȓȗȠȞĲĮȚ ȖȡĮȝȝȚțȐ ȝİ ĲȠȣȢ ȑȟȚ ĮȞĲȓıĲȠȚȤȠȣȢ ȩȡȠȣȢ ĲȠȣ ĲĮȞȣıĲȒ ĲȦȞ ĲȡȠʌȫȞ İij. ȅȚ 
ıĲĮșİȡȑȢ ĮȞĮȜȠȖȓĮȢ ʌȠȣ ıȤİĲȓȗȠȣȞ ĲȚȢ įȣȠ ʌĮȡĮȝȑĲȡȠȣȢ, ĮĳȠȡȠȪȞ ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȠȣ 
ȣȜȚțȠȪ, țĮȚ İȓȞĮȚ[19] :  
                                                     klijklij C HV u                                                     [2.12] 

   
ȩʌȠȣ, Ƞ C İȓȞĮȚ ȑȞĮȢ ĲĮȞȣıĲȒȢ ĲȑĲĮȡĲȘȢ ĲȐȟȘȢ ȝİ 81 ȩȡȠȣȢ. ǼʌİȚįȒ ȩȝȦȢ ȠȚ ȩȡȠȚ ıij 
țĮȚ İij İȓȞĮȚ ıȣȝȝİĲȡȚțȠȓ ĲĮȞȣıĲȑȢ įİȪĲİȡȘȢ ĲȐȟȘȢ, Įʌȩ ĲȠȣȢ 81 ȩȡȠȣȢ ĲȠȣ ĲĮȞȣıĲȒ  
ȝȩȜȚȢ 36 İȓȞĮȚ įȚĮĳȠȡİĲȚțȠȓ ȝİĲĮȟȪ ĲȠȣȢ.  ǵȜȠȚ ȠȚ ȩȡȠȚ ĲȠȣ ĲĮȞȣıĲȒ C ȝʌȠȡȠȪȞ ȞĮ İț-
ĳȡĮıĲȠȪȞ ȦȢ ıȣȞȐȡĲȘıȘ ĲȦȞ İȜĮıĲȚțȫȞ ıĲĮșİȡȫȞ ĲȠȣ Lame (Ȝ, ȝ), ıĲȘȞ ʌİȡȓʌĲȦıȘ 
İȞȠȢ ȠȝȠȖİȞȠȪȢ țĮȚ ȚıȩĲȡȠʌȠȣ ȣȜȚțȠȪ. ȊʌȐȡȤȠȣȞ ȐȜȜİȢ ĲȡİȚȢ İȜĮıĲȚțȑȢ ıĲĮșİȡȑȢ ʌȠȣ 
ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ țĮȚ ıȤİĲȓȗȠȞĲĮȚ ȝİ ĲȚȢ įȪȠ ĮȣĲȑȢ  ʌĮȡĮȝȑĲȡȠȣȢ. ǹȣĲȑȢ İȓȞĮȚ : 
 
x ȉȠ Ǽ İȓȞĮȚ ĲȠ ȝȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ ĲȠȣ Young (Young’s modulus) 
x To Ȟ İȓȞĮȚ Ƞ ȜȩȖȠȢ ĲȠȣ Poisson (Poisson’s ratio) 
x ȉȠ G İȓȞĮȚ ĲȠ ȝȑĲȡȠ įȚȐĲȝȘıȘȢ Ȓ ȝȑĲȡȠ ĮțĮȝȥȓĮȢ (shear modulus) 
x ȉȠ Ȁ İȓȞĮȚ ĲȠ ȝȑĲȡȠ ıȣȝʌȓİıȘȢ (bulk modulus) 
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ȉȠ ȝȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ ĲȠȣ Young İțĳȡȐȗİȚ ĲȘȞ ĮȞĲȓıĲĮıȘ ıĲȘȞ ʌĮȡĮȝȩȡĳȦıȘ 
İȞȩȢ ȣȜȚțȠȪ, ȩȝȠȚĮ ȝİ ĲȘȞ ĮȞĲȓıĲĮıȘ İȞȠȢ İȜĮĲȘȡȓȠȣ ʌȠȣ ıȣȝʌȚȑȗİĲĮȚ Ȓ İțĲİȓȞİĲĮȚ. 
ȈĲȘȞ ȖİȞȚțȒ ʌİȡȓʌĲȦıȘ ȠȡȓȗİĲĮȚ Įʌȩ ĲȘȞ țȜȓıȘ ĲȘȢ ĲȐıȘȢ – ĮȞȘȖȝȑȞȘȢ ʌĮȡĮȝȩȡĳȦ-
ıȘȢ țĮȚ ȑȤİȚ įȚĮıĲȐıİȚȢ ĲȐıȘȢ : 

                                                      � �
G

GGE
�
�

 
O
O 23                                                [2.13] 

ȅ ȜȩȖȠȢ ĲȠȣ Poisson İțĳȡȐȗİȚ ĲȘȞ ʌȜİȣȡȚțȒ ʌĮȡĮȝȩȡĳȦıȘ İȞȩȢ ȣȜȚțȠȪ, ȜȩȖȦ țĮĲĮ-
ʌȩȞȘıȘȢ ıİ ȝȚĮ įȚİȪșȣȞıȘ[19]. ȅȡȓȗİĲĮȚ Įʌȩ ĲȠȞ ȜȩȖȠ ĲȘȢ İȖțȐȡıȚĮȢ (–İx) ʌȡȠȢ ĲȘȞ 
ĮȟȠȞȚțȒ (+İy) ĮȞȘȖȝȑȞȘ ʌĮȡĮȝȩȡĳȦıȘ, İȓȞĮȚ ĮįȚȐıĲĮĲȠȢ ĮȡȚșȝȩȢ țĮȚ țȣȝĮȓȞİĲĮȚ Įʌȩ 
-1 < v < 0.5 : 

                                                   � �PO
O

H
HQ

�
 � 

2y

x                                              [2.14] 

 
ȉĮ ȝȑĲȡĮ Ȝ, G, Ȁ ıȤİĲȓȗȠȞĲĮȚ ȝİ ĲĮ Ǽ țĮȚ Ȟ ȕȐıİȚ ĲȦȞ ĮțȩȜȠȣșȦȞ ıȤȑıİȦȞ : 
 

               
� � � �QQ

QO
211 ��

u
 

E ,   � � 12 Q�
 

EG ,     � �Q213 �
 

EK                  [2.15] 

 
ǲĲıȚ, ȝʌȠȡȠȪȞ ȞĮ ʌİȡȚȖȡĮĳȠȪȞ ȠȚ ıȤȑıİȚȢ ȝİĲĮȟȪ ĲȐıİȦȞ - ʌĮȡĮȝȠȡĳȫıİȦȞ  ȖȚĮ ȑȞĮ 
ȖȡĮȝȝȚțȐ İȜĮıĲȚțȩ țĮȚ ȚıȩĲȡȠʌȠ ȣȜȚțȩ : 
 

                                      

yzyz
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xyxy
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zzxxyyyy

zzyyxxxx 
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                     [2.16] 

 
ȂʌȠȡİȓ ȞĮ ĳĮȞİȓ ıĲȚȢ ĲȡİȚȢ ʌȡȫĲİȢ, Įʌȩ ĮȣĲȑȢ ĲȚȢ İȟȚıȫıİȚȢ, ȩĲȚ Ș ĲȚȝȒ ĲȠȣ ȝȑĲȡȠȣ 
ĲȠȣ Young, Ǽ, țĮșȠȡȓȗİȚ ĲȘȞ ĲȚȝȒ ĲȘȢ ȠȡșȒȢ ʌĮȡĮȝȩȡĳȦıȘȢ ıĲȘȞ țĮĲİȪșȣȞıȘ ȝȚĮȢ 
İĳĮȡȝȠıȝȑȞȘȢ ȠȡșȒȢ ĲȐıȘȢ. ǼȐȞ ıyy=ızz=0, Ș ʌȡȫĲȘ İț ĲȦȞ İȟȚıȫıİȦȞ șĮ įȓȞİȚ ĲȘȞ 
ĮʌȜȠʌȠȚȘȝȑȞȘ ȝȠȡĳȒ ĲȠȣ ȞȩȝȠȣ ĲȠȣ Hooke : 
 

                                                            
E

İ xx
xx

V
                                                     [2.17] 

 
 
 
ȅȝȠȓȦȢ, Ƞ ȜȩȖȠȢ ĲȠȣ Poisson țĮșȠȡȓȗİȚ ĲȘȞ ĲȚȝȒ ĲȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ ıİ įȚİȣșȪȞıİȚȢ 
țȐșİĲİȢ ĲȘȢ ĮıțȠȪȝİȞȘȢ ĲȐıȘȢ. ǲĲıȚ İȐȞ ȚıȤȪİȚ ıyy=ızz=0, ĲȩĲİ: 
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                                xx
xx

zzxx
xx

yy  - 
E

 - , -
E

- HQVQHHQVQH     .                           [2.18] 

 
ȅȚ ĲİȜİȣĲĮȓİȢ ĲȡİȚȢ ıȤȑıİȚȢ Įʌȩ ĲȚȢ (2.16) įİȓȤȞȠȣȞ ȩĲȚ ȠȚ ȠȡșȑȢ ĲȐıİȚȢ įİȞ ʌĮȡȐȖȠȣȞ 
țĮȝȓĮ įȚĮĲȝȘĲȚțȒ ʌĮȡĮȝȩȡĳȦıȘ, ȑĲıȚ țĮȚ ȠȚ ĲȡİȚȢ ʌȡȫĲİȢ įİȓȤȞȠȣȞ ȩĲȚ ȠȚ įȚĮĲȝȘĲȚțȑȢ 
ĲȐıİȚȢ įİȞ ʌĮȡȐȖȠȣȞ țĮȝȓĮ ȠȡșȒ ʌĮȡĮȝȩȡĳȦıȘ. ǼʌȚʌȜȑȠȞ, ȠȚ įȚĮĲȝȘĲȚțȑȢ ĲȐıİȚȢ (țĮȚ 
ʌĮȡĮȝȠȡĳȫıİȚȢ) İȓȞĮȚ ȩȜİȢ ĮȞİȟȐȡĲȘĲİȢ ȝİĲĮȟȪ ĲȠȣȢ țĮȚ ıȣȞįȑȠȞĲĮȚ ȠȚ įȚĮĲȝȘĲȚțȑȢ 
ĲȐıİȚȢ ȝİ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ ʌĮȡĮȝȠȡĳȫıİȚȢ ȝİ ĲȠ ȝȑĲȡȠ G. 
 
ǹʌȩ ĲȚȢ ıȤȑıİȚȢ 2.16 İȐȞ İȓȞĮȚ ȖȞȦıĲȑȢ ȠȚ ʌĮȡĮȝȠȡĳȫıİȚȢ țĮȚ ȗȘĲȠȪȞĲĮȚ ȠȚ ĲȐıİȚȢ 
ʌȡȠțȪʌĲȠȣȞ ȠȚ İȟȒȢ ıȤȑıİȚȢ: 
 

                                       

yzyz

xzxz

xyxy

yyxxzzxx

zzxxyyyy

zzyyxxxx

G
G
G

G

G

G

HV
HV

HV

HHQHQ
Q

V

HHQHQ
Q

V

HHQHQ
Q

V

2
2

2

)]()1[(
21

2

)]()1[(
21

2

)]()1[(
21

2

 
 

 

���
�

 

���
�

 

���
�

 

                                  [2.19] 

 
 

 
ĬİȫȡȘıȘ ĲȘȢ İʌȓʌİįȘȢ İȜĮıĲȚțȩĲȘĲĮȢ 
 
ȈĲȠ ȝȠȞĲȑȜȠ ĲȘȢ İʌȓʌİįȘȢ İȜĮıĲȚțȩĲȘĲĮȢ Ș ĲȡȓĲȘ įȚȐıĲĮıȘ șİȦȡİȓĲĮȚ İȓĲİ ʌȠȜȪ ȝȚțȡȒ 
(ȠʌȩĲİ ȖȓȞİĲĮȚ șİȫȡȘıȘ İʌȓʌİįȘȢ ĲȐıȘȢ - plane stress), İȓĲİ ʌȠȜȪ ȝİȖȐȜȘ (ȩʌȠĲİ ȖȓȞİ-
ĲĮȚ șİȫȡȘıȘ İʌȓʌİįȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ – plane strain), ıİ ıȤȑıȘ ȝİ ĲȚȢ ȐȜȜİȢ įȣȠ įȚĮ-
ıĲȐıİȚȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ[15]. īȓȞİĲĮȚ, ĮțȩȝȘ, Ș ʌĮȡĮįȠȤȒ ȩĲȚ ĲȠ ȣȜȚțȩ İȓȞĮȚ ȠȝȠȚȩ-
ȝȠȡĳȠ țĮĲȐ ĲȘȞ ĲȡȓĲȘ įȚȐıĲĮıȘ ĲȠȣ. 
 
ǲĲıȚ, ȐȞ ȣʌȐȡȤȠȣȞ İʌȚȕĮȜȜȩȝİȞİȢ įȣȞȐȝİȚȢ (loading), Ș ĳȩȡĲȚıȘ İȓȞĮȚ ȠȝȠȚȩȝȠȡĳȘ 
țĮĲȐ ĲȘȞ ĲȡȓĲȘ įȚȐıĲĮıȘ țĮȚ įİȞ ȣʌȐȡȤȠȣȞ ĲȡȠʌȠʌȠȚȒıİȚȢ ıĲȠ İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦ-
ıȚĮțȩ ʌİįȓȠ ıĲȘȞ ĲȡȓĲȘ įȚȐıĲĮıȘ. ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ, ȖȚĮ ʌȡȠȕȜȒȝĮĲĮ ȝİ șİȫȡȘıȘ 
İʌȓʌİįȘȢ ĲȐıȘȢ ȚıȤȪȠȣȞ ȠȚ ʌĮȡĮįȠȤȑȢ : 
 
                                          0 xzV           0 yzV           0 zV                               [2.20] 
 
İȞȫ ıİ ʌȡȠȕȜȒȝĮĲĮ ȝİ șİȫȡȘıȘ İʌȓʌİįȘȢ ʌĮȡĮȝȩȡĳȦıȘȢ ȚıȤȪȠȣȞ ȠȚ ʌĮȡĮįȠȤȑȢ : 
 
                                          0 xzH            0 yzH           0 zH                                [2.21] 
 
 
ȈȤȑıİȚȢ ʌĮȡĮȝȩȡĳȦıȘȢ – ȝİĲĮĲȩʌȚıȘȢ 
 
īȚĮ ĮʌİȚȡȠıĲȑȢ ʌĮȡĮȝȠȡĳȫıİȚȢ ȚıȤȪȠȣȞ ȠȚ ıȤȑıİȚȢ : 
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 H2                         [2.22] 

 
 
ȈȤȑıİȚȢ ĲȐıȘȢ – ʌĮȡĮȝȩȡĳȦıȘȢ 
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                                   [2.23] 

 
ȩʌȠȣ cij (cji = cij) İȓȞĮȚ ıĲĮșİȡȑȢ İȞȠȢ ȠȡșȩĲȡȠʌȠȣ ȝȑıȠȣ. ȅȚ ıĲĮșİȡȑȢ ĮȣĲȑȢ ȝʌȠȡȠȪȞ 
ȞĮ İțĳȡĮıĲȠȪȞ ȝȑıȦ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ Ǽ, Ȟ țĮȚ G ĲȠȣ ȣȜȚțȠȪ ȩʌȠȣ, ĮȞȐȜȠȖĮ ȝİ ĲȘȞ 
ʌȡȠĮȞĮĳİȡșȒıĮ șİȫȡȘıȘ, șĮ ȚıȤȪȠȣȞ ȠȚ ıȤȑıİȚȢ : 
 
x ȖȚĮ İʌȓʌİįȘ ĲȐıȘ (plane stress) 
 

               211 1 v
Ec
�

 ,       222 1 v
Ec
�

 ,       221112 cvcvc u u ,       Gc  33        [2.24]           

                                                                                                   
x ȖȚĮ İʌȓʌİįȘ ʌĮȡĮȝȩȡĳȦıȘ (plane strain) (Ȟ23=Ȟ12) 

 

            211 21
)1(
vv

vEc
��
�

 ,  
)21)(1(

)1(
2

2

22 vvv
vEc
���

�
 ,  212 21 vv

vEc
��

 ,  Gc  33  

                                                                                                                                [2.25] 
ȖȚĮ ȑȞĮ ȚıȩĲȡȠʌȠ ȣȜȚțȩ ȚıȤȪȠȣȞ ȠȚ İȟȒȢ ʌĮȡĮįȠȤȑȢ : 
 

                   21 EEE   ,        2112 vvv   ,        2112 cc  ,        
)1(2 v

EG
�

          [2.26] 

 
ȂȘĲȡȫȠ ĮțĮȝȥȓĮȢ ĲȠȣ ȣȜȚțȠȪ 
 
ȉȠ ȝȘĲȡȫȠ ĮțĮȝȥȓĮȢ ĲȠȣ ȣȜȚțȠȪ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȚȢ ʌĮȡĮȝȑĲȡȠȣȢ Ǽ țĮȚ Ȟ. ȉĮ ıĲȠȚ-
ȤİȓĮ ʌȠȣ ʌȜȘȡȠȪȞ ĲȠȞ ʌȓȞĮțĮ D İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ șİȫȡȘıȘ ĲȘȢ ȜȪıȘȢ ĲȠȣ ʌȡȠȕȜȒ-
ȝĮĲȠȢ ȝİ ȕȐıȘ ĲȘȞ İʌȓʌİįȘ ĲȐıȘ Ȓ ĲȘȞ İʌȓʌİįȘ ʌĮȡĮȝȩȡĳȦıȘ. 
 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ șİȫȡȘıȘȢ ĲȘȢ İʌȓʌİįȘȢ ĲȐıȘȢ, ȖȚĮ ȠȡșȩĲȡȠʌȠ ȣȜȚțȩ įȣȠ įȚĮıĲȐ-
ıİȦȞ, Ƞ ʌȓȞĮțĮȢ D įȓȞİĲĮȚ Įʌȩ ĲȘȞ İȟȓıȦıȘ (2.27), İȞȫ ıĲȘȞ ʌİȡȓʌĲȦıȘ ĲȘȢ İʌȓʌİįȘȢ 
ʌĮȡĮȝȩȡĳȦıȘȢ, ȖȚĮ ĲȠ ȓįȚȠ ȣȜȚțȩ, Ƞ ʌȓȞĮțĮȢ D įȓȞİĲĮȚ Įʌȩ ĲȘȞ ıȤȑıȘ (2.28) : 
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ȆĮȡȐȡĲȘȝĮ ǿǿ  160

                                

»
»
»
»

¼

º

«
«
«
«

¬

ª

�
�

�

¸̧
¹

·
¨̈
©

§
��

 

2
2100

01
01

)21)(1(
][

Q
QQ

QQ

QQ
ED                        [2.28]                               

 
 
 
 
ǹȡȚșȝȘĲȚțȑȢ ȝȑșȠįȠȚ İʌȓȜȣıȘȢ ʌȡȠȕȜȘȝȐĲȦȞ ȖİȦȝȘȤĮȞȚțȒȢ 
 
 
ȂȑșȠįȠȚ ʌȡȠıİȖȖȚıĲȚțȒȢ İʌȓȜȣıȘȢ ʌȡȠȕȜȘȝȐĲȦȞ ʌİįȓȠȣ 
 
ȅȚ ʌȡȫĲİȢ, ȤȡȠȞȚțȐ, ĮȡȚșȝȘĲȚțȑȢ ĲİȤȞȚțȑȢ ʌȡȩȕȜİȥȘȢ țĮȚ ȝİȜȑĲȘȢ ĲȦȞ İȞĲĮĲȚțȫȞ 
țĮĲĮıĲȐıİȦȞ ıİ ȖİȦĲİȤȞȚțȐ ȑȡȖĮ, ȤȡȘıȚȝȠʌȠȚȠȪıĮȞ ȝİșȩįȠȣȢ ȠȡȚĮțȒȢ ȚıȠȡȡȠ-
ʌȓĮȢ (limit equilibrium methods), ȠȚ ȠʌȠȓİȢ țĮȚ șİȦȡȠȪȞĲĮȚ ʌȡȠıİȖȖȚıĲȚțȑȢ ȝȑșȠ-
įȠȚ (Lambe and Whitman, 1979). 
 
ǼȞ ıȣȞİȤİȓĮ, ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞ ȝȑșȠįȠȚ ĮȞĮȜȣĲȚțȒȢ İʌȓȜȣıȘȢ (closed form solu-
tions) ĲȦȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ʌȠȣ ʌİȡȚȖȡȐĳȠȣȞ ĲĮ ıȪȞșİĲĮ ĮȣĲȐ ĳĮȚȞȩȝİȞĮ, 
İȟİĲȐȗȠȞĲĮȢ ĲȘȞ ıȣȝʌİȡȚĳȠȡȐ įȚĮțȡȚĲȫȞ ĲİȝĮȤȓȦȞ (ʌ.Ȥ. ıĳȒȞİȢ ʌİĲȡȫȝĮĲȠȢ ıİ 
ʌȡĮȞȒ) ȝİ ȕȐıȘ ĲȘȞ ȚıȠȡȡȠʌȓĮ ĲȐıİȦȞ Ȓ įȣȞȐȝİȦȞ.  
 
ȉȠ țȪȡȚȠ ȝİȚȠȞȑțĲȘȝĮ ĲȦȞ ȝİșȩįȦȞ ĮȣĲȫȞ șİȦȡİȓĲĮȚ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ, ʌĮȡȩȜȠ ʌȠȣ 
ȤȡȘıȚȝȠʌȠȚȠȪȞ ıȣȞșȒțİȢ ȚıȠȡȡȠʌȓĮȢ įȣȞȐȝİȦȞ, įİȞ ȜĮȝȕȐȞȠȣȞ ȣʌȩȥȚȞ ĲȚȢ ʌĮȡĮ-
ȝȠȡĳȫıİȚȢ ĲȦȞ ȣȜȚțȫȞ ȜȩȖȦ ĲȦȞ įȣȞȐȝİȦȞ ĮȣĲȫȞ. 
 
ȅȚ ʌȡȫĲİȢ İĳĮȡȝȠȖȑȢ ĮȡȚșȝȘĲȚțȫȞ ȝİșȩįȦȞ ıİ ʌȡȠȕȜȒȝĮĲĮ ȖİȦȝȘȤĮȞȚțȒȢ İȝ-
ĳĮȞȓıĲȘțĮȞ ĮȝȑıȦȢ ȝİĲȐ ĲȘȞ ĮȞȐʌĲȣȟȘ ĲȘȢ ĮȞĲȓıĲȠȚȤȘȢ ȝİșȠįȠȜȠȖȓĮȢ ıİ ȐȜȜĮ 
ʌİįȓĮ, ȩʌȦȢ ıĲȘȞ ȡİȣıĲȠȝȘȤĮȞȚțȒ, ĲȘȞ ȝȘȤĮȞȚțȒ ĲȦȞ ʌİĲȡİȜĮȓȦȞ țȜʌ. ȉĮ ĲİȜİȣ-
ĲĮȓĮ ȤȡȩȞȚĮ, Ș ĮȜȝĮĲȫįȘȢ ĮȞȐʌĲȣȟȘ ĲȦȞ ȣʌȠȜȠȖȚıĲȚțȫȞ ıȣıĲȘȝȐĲȦȞ, ĲĮȣĲȩȤȡȠȞĮ 
ȝİ ĲȘ ȝİȓȦıȘ ĲȦȞ ĲȚȝȫȞ ĲȠȣȢ, țȐĲȚ ĲȠ ȠʌȠȓȠ ĲĮ țĮșȚıĲȐ ʌȡȠıȚĲȐ, țĮĲȑıĲȘıİ 
İȣȡİȓĮ ĲȘȞ ȤȡȒıȘ ĮȡȚșȝȘĲȚțȫȞ ȝİșȩįȦȞ İʌȓȜȣıȘȢ ıİ ʌȡȠȕȜȒȝĮĲĮ İȜȑȖȤȠȣ ıȣȝʌİ-
ȡȚĳȠȡȐȢ ĲȦȞ ȖİȦȣȜȚțȫȞ.  
 
ȅȚ ĮȡȚșȝȘĲȚțȑȢ ȝİșȩįȠȚ ĮʌȠĲİȜȠȪȞ ʌȜȑȠȞ ȑȞĮ ıȘȝĮȞĲȚțȩ İȡȖĮȜİȓȠ ȖȚĮ ĲȠȣȢ 
ȝȘȤĮȞȚțȠȪȢ, ĮĳİȞȩȢ ȝİȞ țĮĲȐ ĲȘ ĳȐıȘ ĲȠȣ ıȤİįȚĮıȝȠȪ, ĮĳİĲȑȡȠȣ įİ țĮĲȐ ĲȘ ĳȐıȘ 
ĲȘȢ İțĲİȜȑıİȦȢ İȞȩȢ ȑȡȖȠȣ, ȝİ ĲĮȣĲȩȤȡȠȞȘ ȚțĮȞȩĲȘĲĮ Įʌȩ ĲȠ ȤȡȒıĲȘ ȞĮ 
İʌİȝȕĮȓȞİȚ ıİ ȠʌȠȚĮįȒʌȠĲİ ĳȐıȘ ĲȠȣ ȑȡȖȠȣ (ıĲȚȢ ıȒȡĮȖȖİȢ, țĮĲȐ ĲȘ ĳȐıȘ ĲȘȢ 
İțıțĮĳȒȢ Ȓ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ), ȝİ ĲȘȞ ʌȡȠȣʌȩșİıȘ ȩĲȚ İĳĮȡȝȩȗİĲĮȚ ıȦıĲȐ, 
ȜĮȝȕȐȞȠȞĲĮȚ, įȘȜĮįȒ, ȣʌȩȥȚȞ țĮĲȐ ʌİȡȓʌĲȦıȘ ȠȚ įȣȞĮĲȩĲȘĲİȢ țĮȚ ȠȚ ʌİȡȚȠȡȚıȝȠȓ 
ĲȘȢ țȐșİ ȝİșȩįȠȣ.  
 
Ǿ ĮȡȚșȝȘĲȚțȒ İʌȓȜȣıȘ ĲȦȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ İȞȩȢ ʌȡȠȕȜȒȝĮĲȠȢ ʌİįȓȠȣ ȝİ 
țĮșȠȡȚıȝȑȞİȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ȑȤİȚ ȝȓĮ țĮȚ ȝȠȞĮįȚțȒ ȜȪıȘ. ȆȡȑʌİȚ, ȩȝȦȢ, ıİ 
țȐșİ ʌİȡȓʌĲȦıȘ ȞĮ ȖȓȞİĲĮȚ ȝȓĮ ĮȞȐȜȣıȘ İȣĮȚıșȘıȓĮȢ (Ȓ ıĲĮșİȡȩĲȘĲĮȢ) ĲȘȢ 
ȝİșȩįȠȣ, ȠȪĲȦȢ ȫıĲİ ȞĮ İȟĮıĳĮȜȓȗİĲĮȚ ȩĲȚ ȖȚĮ ȝȚțȡȑȢ įȚĮțȣȝȐȞıİȚȢ ĲȦȞ ʌĮȡĮ-
ȝȑĲȡȦȞ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ įİȞ ʌȡȠțȪʌĲȠȣȞ ȝİȖȐȜİȢ įȚĮțȣȝȐȞıİȚȢ ĲȦȞ ȣʌȠȜȠȖȚȗȩ-
ȝİȞȦȞ ȝİȖİșȫȞ. 
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ȋĮȡĮțĲȘȡȚıĲȚțȐ, ĮȞĮĳȑȡȠȞĲĮȚ țĮȚ ʌİȡȚȖȡȐĳȠȞĲĮȚ İʌȚȖȡĮȝȝĮĲȚțȐ ȠȚ țȣȡȚȩĲİȡİȢ 
ĲȦȞ ĮȡȚșȝȘĲȚțȫȞ ȝİșȩįȦȞ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȑĲȠȚȦȞ 
ʌȡȠȕȜȘȝȐĲȦȞ (ȕȜ. ıȤ. 3.1) [19] : 
 

• ȝȑșȠįȠȢ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ (finite element method) 
 
• ȝȑșȠįȠȢ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ įȚĮĳȠȡȫȞ (finite difference method) 
 
• ȝȑșȠįȠȢ ĲȦȞ ıȣȞȠȡȚĮțȫȞ ıĲȠȚȤİȓȦȞ (boundary element method) 
 
• ȝȑșȠįȠȢ ĲȦȞ įȚĮțȡȚĲȫȞ (Ȓ įȚĮțİțȡȚȝȑȞȦȞ) ıĲȠȚȤİȓȦȞ (distinct element method) 

 
• ȣȕȡȚįȚțȑȢ ȝȑșȠįȠȚ (hybrid methods), ȠȚ ȠʌȠȓİȢ ıȣȞįȣȐȗȠȣȞ ȤĮȡĮțĲȘȡȚıĲȚțȐ 
Įʌȩ įȪȠ Ȓ ʌİȡȚııȩĲİȡİȢ ȝİșȩįȠȣȢ 

 
 
 

 
ȈȤȒȝĮ 3.1 : ǹȡȚșȝȘĲȚțȑȢ ȝȑșȠįȠȚ İʌȓȜȣıȘȢ ʌȡȠȕȜȘȝȐĲȦȞ ȖİȦȝȘȤĮȞȚțȒȢ 
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ȂȑșȠįȠȚ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ (Ȃ.Ȇ.Ȉ.) 
 
ȈĲȚȢ ȝİșȩįȠȣȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ, ĲȠ ʌİįȓȠ (domain) ĲȠ ȠʌȠȓȠ ȝİȜİĲȐĲĮȚ, 
įȚĮȚȡİȓĲĮȚ ıİ İʌȚȝȑȡȠȣȢ ĲȝȒȝĮĲĮ țĮșȠȡȚıȝȑȞȘȢ ȖİȦȝİĲȡȓĮȢ (ıĲȠȚȤİȓĮ). ȉĮ ıĲȠȚ-
ȤİȓĮ ĮȣĲȐ, ʌİȡĮȚĲȑȡȦ ĮȞȐȜȣıȘ ĲȦȞ ȠʌȠȓȦȞ ȖȓȞİĲĮȚ ıĲȠ İʌȩȝİȞȠ țİĳȐȜĮȚȠ, İȓȞĮȚ 
ȝȠȞȠįȚȐıĲĮĲĮ, įȚıįȚȐıĲĮĲĮ Ȓ ĲȡȚıįȚȐıĲĮĲĮ. ȅ ĮȡȚșȝȩȢ ĲȦȞ įȚĮıĲȐıİȦȞ ĲȦȞ ıĲȠȚ-
ȤİȓȦȞ ĮȣĲȫȞ İȓȞĮȚ ıȣȞȒșȦȢ ĮȞĲȓıĲȠȚȤȠȢ ȝİ ĲȠȞ ĮȡȚșȝȩ ĲȦȞ įȚĮıĲȐıİȦȞ ĲȠȣ ȣʌȠ 
ȝİȜȑĲȘ ȤȦȡȓȠȣ (ȝȠȞȠįȚȐıĲĮĲȠ, įȚıįȚȐıĲĮĲȠ Ȓ ĲȡȚıįȚȐıĲĮĲȠ ʌİįȓȠ ĮȞĲȓıĲȠȚȤĮ).. 
 
ȉȠ țȐșİ ıĲȠȚȤİȓȠ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ țȩȝȕȠȣȢ. Ǿ ıȣȝʌİȡȚĳȠȡȐ țȐșİ ĲȝȒȝĮĲȠȢ ʌİȡȚ-
ȖȡȐĳİĲĮȚ ȝȑıĮ Įʌȩ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ. Ȃİ ĲȘȞ İȟĮıĳȐȜȚıȘ ĲȦȞ ĮʌĮȚĲȒıİȦȞ 
ıȣȞȑȤİȚĮȢ țĮȚ ȚıȠȡȡȠʌȓĮȢ ȝİĲĮȟȪ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠȣ ʌİįȓȠȣ, ȣʌȐȡȤİȚ ȝȠȞĮįȚțȒ ȜȪ-
ıȘ ıĲȠ ȖȡĮȝȝȚțȩ ıȪıĲȘȝĮ ĲȦȞ İȟȚıȫıİȦȞ (Becker, 1992, Hoek et al.,1991). 
 
ȅȚ ȝȑșȠįȠȚ Ȇ.Ȉ. ĮȞȒțȠȣȞ ıĲȚȢ ȝİșȩįȠȣȢ ȝİĲĮȕȠȜȫȞ țĮȚ ʌİȡȚȜĮȝȕȐȞȠȣȞ ĲȘȞ ȝȑșȠ-
įȠ ĲȦȞ ıĲĮșȝȚıȝȑȞȦȞ ȣʌȠȜȠȓʌȦȞ (weighted residuals), ț.Ȝ.ʌ. ȅȚ ȐȖȞȦıĲİȢ ȗȘĲȠȪ-
ȝİȞİȢ ʌȠıȩĲȘĲİȢ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ıĲȠȣȢ țȩȝȕȠȣȢ ĲȠȣ țȐȞȞĮȕȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ 
ıĲȠȚȤİȓȦȞ țĮȚ ȝȑıȦ ȖȡĮȝȝȚțȫȞ Ȓ ȝȘ ȖȡĮȝȝȚțȫȞ ıȣȞĮȡĲȒıİȦȞ ʌĮȡİȝȕȠȜȒȢ 
ȣʌȠȜȠȖȓȗȠȞĲĮȚ ıĲĮ ȣʌȠȜȠȚʌȐ ıȘȝİȓĮ ĲȠȣ ȝȑıȠȣ. ȈȘȝİȚȫȞİĲĮȚ İʌȓıȘȢ ȩĲȚ ȠȚ Ȃ.Ȇ.Ȉ. 
ĮʌȠĲİȜȠȪȞ ȖİȞȚțȩĲİȡİȢ ȝİșȩįȠȣȢ İʌȚȜȪıİȦȢ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ. [19] 
 
ȂȑșȠįȠȚ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ (Ȃ.Ȇ.ǻ.) 
 
ȈĲȚȢ ȝİșȩįȠȣȢ ĮȣĲȑȢ ĲȠ ȣʌȠ ȝİȜȑĲȘ ʌİįȓȠ įȚĮȚȡİȓĲĮȚ ıİ ȑȞĮȞ țȐȞȞĮȕȠ ıȘȝİȓȦȞ 
(țȩȝȕȦȞ) ȠȝȠȚȩȝȠȡĳȠ ȦȢ ʌȡȠȢ ĲȚȢ ıĲȠȚȤİȚȫįİȚȢ įȚĮıĲȐıİȚȢ (ĮʌȠıĲȐıİȚȢ ȝİĲĮȟȪ 
ĲȦȞ țȩȝȕȦȞ ıĲȚȢ țȪȡȚİȢ țĮĲİȣșȪȞıİȚȢ ĲȠȣ ȤȫȡȠȣ). Ǿ įȚĮĳȠȡȚțȒ İȟȓıȦıȘ 
İțĳȡȐȗİĲĮȚ ȕȐıİȚ ĲȘȢ ĲȚȝȒȢ ĲȘȢ ıȣȞȐȡĲȘıȘȢ ıİ țȐșİ ıȘȝİȓȠ ĲȠȣ țȐȞȞĮȕȠȣ, țĮșȫȢ 
țĮȚ ȕȐıİȚ ĲȦȞ ʌĮȡĮȖȫȖȦȞ ĲȘȢ ıȣȞȐȡĲȘıȘȢ ȖȪȡȦ Įʌȩ țȐșİ ıȘȝİȓȠ. ȅȚ Ȃ.Ȇ.ǻ. 
įȚĮțȡȓȞȠȞĲĮȚ ĮȞȐȜȠȖĮ ȝİ ĲȠȞ ĲȡȩʌȠ ȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ ʌĮȡĮȖȫȖȦȞ ıİ țȐșİ ıȘȝİȓȠ 
ĲȠȣ țȐȞȞĮȕȠȣ (forward, backward, ț.Ȝ.ʌ.). ȅȚ ȗȘĲȠȪȝİȞİȢ ʌȠıȩĲȘĲİȢ ȕȡȓıțȠȞĲĮȚ 
ıİ țȐșİ ıȘȝİȓȠ ĲȠȣ țȐȞȞĮȕȠȣ ȝİ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ ıȣıĲȒȝĮĲȠȢ 
İȟȚıȫıİȦȞ, ĲȠ ȠʌȠȓȠ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ įȚĮĲȪʌȦıȘ ĲȦȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ıİ 
įȚĮțȡȚĲȒ ȝȠȡĳȒ ıĲȠȣȢ țȩȝȕȠȣȢ. 
 
ȂȑșȠįȠȚ ĲȦȞ ȈȣȞȠȡȚĮțȫȞ ȈĲȠȚȤİȓȦȞ (Ȃ.Ȉ.Ȉ.) 
 
ȈĲȚȢ ȝİșȩįȠȣȢ ĮȣĲȑȢ ĲȠ ıȪȞȠȡȠ țȐșİ ȠȝȠȚȠȖİȞȠȪȢ ʌİȡȚȠȤȒȢ ĲȠȣ ȤȦȡȓȠȣ (boundary) 
įȚĮȚȡİȓĲĮȚ ıİ ȖȡĮȝȝȚțȐ Ȓ İʌȚĳĮȞİȚĮțȐ ıĲȠȚȤİȓĮ ȖȚĮ įȚıįȚȐıĲĮĲĮ țĮȚ ĲȡȚıįȚȐıĲĮĲĮ 
ʌȡȠȕȜȒȝĮĲĮ ĮȞĲȓıĲȠȚȤĮ. ȈȣȞİʌȫȢ, ȠȚ įȚĮıĲȐıİȚȢ ĲȠȣ ȝȠȞĲȑȜȠȣ İȓȞĮȚ ȝİȚȦȝȑȞİȢ 
țĮĲȐ ȝȚĮ ıİ ıȤȑıȘ ȝİ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ Įʌȩ ĲȘȞ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ 
ȤȦȡȓȠȣ ȝİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ. ȅȚ ȝȑșȠįȠȚ ĮȣĲȠȓ İĳĮȡȝȩȗȠȞĲĮȚ țȣȡȓȦȢ ȖȚĮ ĲȘȞ 
İʌȓȜȣıȘ ʌȡȠȕȜȘȝȐĲȦȞ ȝİ ȖȡĮȝȝȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȦȞ ȣȜȚțȫȞ. Ȉİ ȝȘ ȖȡĮȝȝȚțȑȢ 
ʌİȡȚʌĲȫıİȚȢ İʌȚȕȐȜȜİĲĮȚ İʌȚʌȜȑȠȞ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ȤȫȡȠȣ. ȅȚ ȐȖȞȦıĲİȢ ʌȠıȩ-
ĲȘĲİȢ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ıĲȠ țȑȞĲȡȠ ȕȐȡȠȣȢ țȐșİ ıȣȞȠȡȚĮțȠȪ ıĲȠȚȤİȓȠȣ țĮȚ İȞ ıȣȞİ-
ȤİȓĮ, ȝİ țĮĲȐȜȜȘȜİȢ ıȤȑıİȚȢ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ıĲĮ İıȦĲİȡȚțȐ ıȘȝİȓĮ ĲȠȣ ȝȑıȠȣ. ȅȚ 
Ȃ.Ȉ.Ȉ. ĮȞȒțȠȣȞ ıĲȚȢ ȠȜȠțȜȘȡȦĲȚțȑȢ ȝİșȩįȠȣȢ țĮȚ ʌİȡȚȜĮȝȕȐȞȠȣȞ ĲȘȞ ȐȝİıȘ, ȝȚ-
țĲȒ țĮȚ ȑȝȝİıȘ ȝȑșȠįȠ. 
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ȂȑșȠįȠȚ ĲȦȞ ǻȚĮțȡȚĲȫȞ ȈĲȠȚȤİȓȦȞ (Ȃ.ǻ.Ȉ.) 
 
ȈĲȚȢ ȝİșȩįȠȣȢ ĮȣĲȑȢ Ƞ ȤȫȡȠȢ șİȦȡİȓĲĮȚ ȕĮıȚțȐ ĮıȣȞİȤȒȢ țĮȚ İȟİĲȐȗȠȞĲĮȚ ȝİĲĮȟȪ 
ȐȜȜȦȞ ȠȚ țȚȞȘĲȚțȑȢ ʌĮȡȐȝİĲȡȠȚ (ȖȡĮȝȝȚțȑȢ țĮȚ ıĲȡȠĳȚțȑȢ) țȐșİ ıĲȠȚȤİȓȠȣ, Ș įȣȞĮ-
ĲȩĲȘĲĮ ȝİĲĮĲȩʌȚıȘȢ ĮȣĲȠȪ, ȠȚ ĲȡȚȕȑȢ ȝİĲĮȟȪ ȖİȚĲȠȞȚțȫȞ ıĲȠȚȤİȓȦȞ ȕȐıİȚ țĮĲȐȜ-
ȜȘȜȦȞ țȡȚĲȘȡȓȦȞ, İȞįİȤȠȝȑȞȦȢ Ș įȣȞĮĲȩĲȘĲĮ șȡĮȪıȘȢ ıĲȠȚȤİȓȦȞ, ț.Ȝ.ʌ.  
 
ȄİȤȦȡȚıĲȐ, țȐșİ ȝȑșȠįȠȢ ȑȤİȚ ȠȡȚıȝȑȞĮ ʌȜİȠȞİțĲȒȝĮĲĮ țĮȚ ȝİȚȠȞİțĲȒȝĮĲĮ, ȩʌȦȢ 
ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲȠȞ ʌȓȞĮțĮ (ȕȜ.ʌȚȞ 3.1) : 
 

ȆȓȞĮțĮȢ 3.1: ȆȜİȠȞİțĲȒȝĮĲĮ & ȂİȚȠȞİțĲȒȝĮĲĮ ĲȦȞ ȝİșȩįȦȞ 
ȂȑșȠįȠȢ 

ȆİʌİȡĮıȝȑȞȦȞ 
ȈĲȠȚȤİȓȦȞ 

ȂȑșȠįȠȢ 
ȈȣȞȠȡȚĮțȫȞ ȈĲȠȚȤİȓȦȞ 

ȂȑșȠįȠȢ 
ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ 

ȆȜİȩȞİțĲȒȝĮĲĮ ȝİșȩįȦȞ 

ȂİȖȐȜȘ ĮțȡȓȕİȚĮ ȂİȖȐȜȘ ĮțȡȓȕİȚĮ ǼȞȞȠȚȠȜȠȖȚțȒ ĮʌȜȩĲȘĲĮ 

ǼȣțȠȜȓĮ ıĲȘȞ ȤȡȒıȘ ȂȚțȡȩĲİȡİȢ ĮʌĮȚĲȒıİȚȢ 
ȖȚĮ ȣʌȠȜȠȖȚıĲȚțȒ ȝȞȒȝȘ ǹʌȜȠȪıĲİȡİȢ İȟȚıȫıİȚȢ 

ǻȚĮȤİȓȡȘıȘ 
 ʌȠȜȪʌȜȠțȦȞ ȖİȦȝİĲȡȚȫȞ 

ȂȘ ʌĮȡĮȖȦȖȒ ʌİȡȚĲĲȫȞ 
ʌȜȘȡȠĳȠȡȚȫȞ 

ǼȣțȠȜȓĮ ıĲȠȞ 
ʌȡȠȖȡĮȝȝĮĲȚıȝȩ 

ǻȣȞĮĲȩĲȘĲĮ ȜȪıȘȢ ȝȘ 
ȖȡĮȝȝȚțȫȞ ʌȡȠȕȜȘȝȐĲȦȞ 

ǼȪțȠȜȓĮ ıĲȠȞ ıȤİįȚĮıȝȩ 
țĮȚ ĲȘȞ  İȚıĮȖȦȖȒ ĲȘȢ 

ȖİȦȝİĲȡȓĮȢ 

ȂİȖȐȜȘ ĲĮȤȪĲȘĲĮ     
İțĲȑȜİıȘȢ 

ǼȣȡȑȦȢ įȠțȚȝĮıȝȑȞİȢ 
ʌȡȠıİȖȖȓıİȚȢ 

ȂİȓȦıȘ ĲȦȞ įȚĮıĲȐıİȦȞ 
ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ - 

ǹțȡȓȕİȚĮ ĮʌȠĲİȜİıȝȐĲȦȞ  
ıİ ʌİȡȚȠȤȑȢ  

ıȣȖțȑȞĲȡȦıȘȢ ĲȐıİȦȞ 

ǹțȡȓȕİȚĮ ĮʌȠĲİȜİıȝȐĲȦȞ 
ıİ ʌİȡȚȠȤȑȢ  

ıȣȖțȑȞĲȡȦıȘȢ ĲȐıİȦȞ 
(ȪʌĮȡȟȘ ĮıȣȞİȤİȚȫȞ) 

- 

ȂİȚȠȞİțĲȒȝĮĲĮ ȝİșȩįȦȞ 

ǻȣıțȠȜȓĮ ıĲȘȞ  
įȘȝȚȠȣȡȖȓĮ ʌȜȑȖȝĮĲȠȢ ȆȠȜȪʌȜȠțİȢ İȟȚıȫıİȚȢ ǻȣıȜİȚĲȠȣȡȖȓĮ ıİ 

ʌȠȜȪʌȜȠțİȢ ȖİȦȝİĲȡȓİȢ 

ȂİȖȐȜİȢ ĮʌĮȚĲȒıİȚȢ  
ȖȚĮ ȣʌȠȜȠȖȚıĲȚțȒ ȝȞȒȝȘ 

ǻȣıȜİȚĲȠȣȡȖȓĮ ıİ ȝȘ 
ȖȡĮȝȝȚțȐ ʌȡȠȕȜȒȝĮĲĮ 

ȂİȖȐȜİȢ ĮʌĮȚĲȒıİȚȢ  
ȖȚĮ ȣʌȠȜȠȖȚıĲȚțȒ ȝȞȒȝȘ 

ǼʌȓȜȣıȘ ȝİȖȐȜȦȞ  
ĮȜȖİȕȡȚțȫȞ ıȣıĲȘȝȐĲȦȞ 

ǹȞȐȖțȘ İʌȓȜȣıȘȢ  
ȝȚțȡȩĲİȡȦȞ ıȣıĲȘȝȐĲȦȞ 
ĮȜȜȐ ȠȚ ʌȓȞĮțİȢ ʌȠȣ 
ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ  
İȓȞĮȚ ʌȣțȞȩĲİȡȠȚ  

(populated matrices) 

ȂȘ ȚțĮȞȠʌȠȚȘĲȚțȒ  
ĮțȡȓȕİȚĮ ĮʌȠĲİȜİıȝȐĲȦȞ  

ıİ ʌİȡȚȠȤȑȢ  
ıȣȖțȑȞĲȡȦıȘȢ ĲȐıİȦȞ 

ȆĮȡĮȖȦȖȒ ʌİȡȚĲĲȫȞ ǻȣıȜİȚĲȠȣȡȖȓĮ ıĲȘȞ - 
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ʌȜȘȡȠĳȠȡȚȫȞ İʌȓȜȣıȘ ȝȚțȡȫȞ 
ıĲȠȚȤİȓȦȞ, ȩʌȠȣ ȠȚ 

țȩȝȕȠȚ İȓȞĮȚ ʌȠȜȪ țȠȞĲȐ 
ȝİĲĮȟȪ ĲȠȣȢ 

 
ȉȠ ȝİȖȐȜȠ ʌȜİȠȞȑțĲȘȝĮ ĲȦȞ ĮȡȚșȝȘĲȚțȫȞ ȝİșȩįȦȞ İȓȞĮȚ Ș įȣȞĮĲȩĲȘĲĮ įȚİȟĮ-
ȖȦȖȒȢ ĮȞĲȓıĲȡȠĳȘȢ ĮȞȐȜȣıȘȢ. Ȃİ ĮȣĲȩ ĲȠȞ ĲȡȩʌȠ İʌȚĲȣȖȤȐȞİĲĮȚ ĮțȡȓȕİȚĮ ıĲȘȞ 
İʌȓȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ İʌȓĲİȣȟȘ ĲȦȞ ıȣȞșȘțȫȞ ĮıĳĮȜİȓĮȢ ȝİ ĲȠ ȝȚțȡȩĲİȡȠ 
ȠȚțȠȞȠȝȚțȩ țȩıĲȠȢ (ȀȦȝȠįȡȩȝȠȢ, 1999). 
 
ǹȟȓȗİȚ, ȩȝȦȢ,  ȞĮ ıȘȝİȚȦșİȓ ȩĲȚ țĮȝȓĮ Įʌȩ ĲȚȢ ȝİșȩįȠȣȢ įİȞ șİȦȡİȓĲĮȚ țĮĲȐȜȜȘȜȘ 
ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ıȣȞȩȜȠȣ ĲȦȞ įȣȞĮĲȫȞ ʌȡȠȕȜȘȝȐĲȦȞ. ȀȐșİ ȝȑșȠįȠȢ ʌĮȡȠȣ-
ıȚȐȗİȚ șİĲȚțȐ țĮȚ ĮȡȞȘĲȚțȐ ıĲȠȚȤİȓĮ ȦȢ ʌȡȠȢ ĲȘȞ İʌȓȜȣıȘ İȞȩȢ ıȣȖțİțȡȚȝȑȞȠȣ 
ʌȡȠȕȜȒȝĮĲȠȢ, ǲĲıȚ, ʌȠȜȜȑȢ ĳȠȡȑȢ, İȓȞĮȚ ĮʌĮȡĮȓĲȘĲȠȢ İȓĲİ Ƞ ıȣȞįȣĮıȝȩȢ İȓĲİ Ș 
ıȪȖțȡȚıȘ ʌİȡȚııȠĲȑȡȦȞ ĲȘȢ ȝȚĮȢ ȝİșȩįȦȞ, ȖȚĮ ĲȘȞ İʌȓĲİȣȟȘ ĲȠȣ țĮȜȪĲİȡȠȣ įȣȞĮ-
ĲȠȪ ĮʌȠĲİȜȑıȝĮĲȠȢ. 
 
 
Ǿ ȝȑșȠįȠȢ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ 
 
Ǿ ĮȡȤȒ ĲȘȢ ȝİșȩįȠȣ 
 
Ǿ ȝȑșȠįȠȢ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ İȓȞĮȚ ȝȚĮ ĮȡȚșȝȘĲȚțȒ ȝȑșȠįȠȢ, Ș ȠʌȠȓĮ 
ȝʌȠȡİȓ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ʌİȡȓʌȜȠțȦȞ ʌȡȠȕȜȘȝȐĲȦȞ ȝȘȤĮȞȚțȒȢ.  
 
ȈĲȘȞ ȝȑșȠįȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ, Ș ȜȪıȘ ĲȠȣ İțȐıĲȠĲİ ʌȡȠȕȜȒȝĮĲȠȢ ʌȡȠ-
țȪʌĲİȚ Įʌȩ ĲȘȞ įȚĮĲȪʌȦıȘ ıȣıĲȘȝȐĲȦȞ İȟȚıȫıİȦȞ ıİ ȣʌȠʌİȡȚȠȤȑȢ ĲȠȣ ʌİįȓȠȣ ıĲȠ 
ȠʌȠȓȠ ȑȖțİȚĲĮȚ ĲȠ ʌȡȩȕȜȘȝĮ (ıİ ĮȞĲȓșİıȘ ȝİ ĲȘȞ ȝȑșȠįȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ 
įȚĮĳȠȡȫȞ țĮȚ ĲȦȞ ıȣȞȠȡȚĮțȫȞ ıĲȠȚȤİȓȦȞ), țĮȚ ĲȘȞ țĮĲȩʌȚȞ ıȣȞĮȡȝȠȜȩȖȘıȒ ĲȠȣȢ ıİ 
ȑȞĮ țĮșȠȜȚțȩ ıȪıĲȘȝĮ ȖȚĮ ȩȜȠ ĲȠ ʌİįȓȠ ʌȠȣ șĮ įȫıİȚ ĲȘȞ ĲİȜȚțȒ ȜȪıȘ ĲȠȣ ʌȡȠȕȜȒ-
ȝĮĲȠȢ. ȅȚ İȟȚıȫıİȚȢ ʌȠȣ įȚĮĲȣʌȫȞȠȞĲĮȚ ıİ İʌȓʌİįȠ ıĲȠȚȤİȓȠȣ, țĮșȫȢ țĮȚ Ƞ ĲȡȩʌȠȢ 
ıȣȞĮȡȝȠȜȠȖȒȢ ĮȣĲȫȞ ĮȞĮĳȑȡȠȞĲĮȚ İțĲİȞȫȢ ıĲȚȢ İʌȩȝİȞİȢ ʌĮȡĮȖȡȐĳȠȣȢ. 
 
ǿıĲȠȡȚțȐ ıĲȠȚȤİȓĮ 
 
ȅ ȩȡȠȢ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ (finite elements) ȤȡȘıȚȝȠʌȠȚȒșȘțİ ȖȚĮ ʌȡȫĲȘ ĳȠ-
ȡȐ Įʌȩ ĲȠȞ Clough ĲȠ 1960 ıİ ȝȚĮ ȝİȜȑĲȘ İȞĲĮĲȚțȒȢ țĮĲȐıĲĮıȘȢ ȝİ ȤȡȒıȘ ĲȡȚ-
ȖȦȞȚțȫȞ ıĲȠȚȤİȓȦȞ. ȍıĲȩıȠ, Ș ȚįȑĮ ʌȠȣ įȚȑʌİȚ ĲȘȞ ȝȑșȠįȠ İȓȤİ ȤȡȘıȚȝȠʌȠȚȘșİȓ 
Įʌȩ ĲȘȞ ĮȡȤĮȚȩĲȘĲĮ ĮțȩȝȘ. ǲȞĮ ʌĮȡȐįİȚȖȝĮ ĮȣĲȒȢ ĲȘȢ ȚįȑĮȢ, İȓȞĮȚ Ș ʌȡȠıȑȖȖȚıȘ 
ĲȘȢ ʌİȡȚȝȑĲȡȠȣ ĲȠȣ țȪțȜȠȣ ȝİ ĲȘȞ șİȫȡȘıȘ ĮȣĲȠȪ ıĮȞ ȑȞĮ ʌȠȜȪȖȦȞȠ ȝİ ȝİȖȐȜȠ 
ĮȡȚșȝȩ ȝȚțȡȫȞ ȚıȠȝȘțȫȞ İȣșȪȖȡĮȝȝȦȞ ĲȝȘȝȐĲȦȞ ıĮȞ ʌȜİȣȡȑȢ (ȕȜ. ıȤȒȝĮ 4.1).  
Ǿ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ʌİȡȚȝȑĲȡȠȣ ĲȠȣ țȪțȜȠȣ ʌȡȠȑțȣȥİ Įʌȩ ĲȘȞ ȝȑıȘ ĲȚȝȒ ĲȦȞ 
ȝȘțȫȞ įȣȠ ʌȠȜȣȖȫȞȦȞ ĲĮ ȠʌȠȓĮ İĳȐʌĲȠȞĲĮȞ ıĲȠȞ țȪțȜȠ ĲȠ ȑȞĮ İȟȦĲİȡȚțȐ țĮȚ 
ĲȠ ȐȜȜȠ İıȦĲİȡȚțȐ ĮȣĲȠȪ, ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ 4.1. ȉȠ İȟȦĲİȡȚțȩ ʌȠȜȪȖȦ-
ȞȠ ĮʌȠĲİȜİȓ ĲȠ ȐȞȦ ȩȡȚȠ (upper bound) ĲȠȣ țȪțȜȠȣ, İȞȫ ĲȠ İıȦĲİȡȚțȩ ʌȠȜȪȖȦȞȠ 
İȓȞĮȚ ĲȠ țȐĲȦ ȩȡȚȠ (lower bound) ĲȠȣ țȪțȜȠȣ. ǵıĮ ʌȚȠ ʌȠȜȜȐ İȓȞĮȚ ĲĮ ĲȝȒȝĮĲĮ 
ıĲĮ ȠʌȠȓĮ ȤȦȡȓȗȠȞĲĮȚ (įȚĮțȡȚĲȠʌȠȚȠȪȞĲĮȚ) ĲĮ ʌȠȜȪȖȦȞĮ ĮȣĲȐ, ĲȩıȠ ʌȡȠıİȖȖȓȗİȚ 
Ș ȜȪıȘ ĲȘȢ ȝȑıȘȢ ĲȚȝȒȢ ĮȣĲȫȞ ıĲȘȞ ʌȡĮȖȝĮĲȚțȒ ĲȚȝȒ ĲȘȢ ʌİȡȚȝȑĲȡȠȣ ĲȠȣ țȪ-
țȜȠȣ[14]. 
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ȈȤȒȝĮ 4.1 : ȉȠ ʌȡȩȕȜȘȝĮ ĲȘȢ ʌȡȠıȑȖȖȚıȘȢ ĲȘȢ ʌİȡȚȝȑĲȡȠȣ ĲȠȣ țȪțȜȠȣ 

 
 
 
 
ȋȡȠȞȚțȒ ĮȞĮįȡȠȝȒ ıĲȘȞ ĮȞȐʌĲȣȟȘ ĲȘȢ ȝİșȩįȠȣ 
 
ȉĮ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ, ȝİ ĲȘȞ ıȪȖȤȡȠȞȘ ȝȠȡĳȒ ĲȠȣȢ, ʌȡȦĲȠİȝĳĮȞȓıĲȘțĮȞ ĲȠ 
1943, ıİ ȝȚĮ ȝİȜȑĲȘ ĲȠȣ īȐȜȜȠȣ Courant (Desai & Abel, 1972) ȝİ ȤȡȒıȘ 
ıȣȞİȤȫȞ İȟȚıȫıİȦȞ țȜĮįȚțȒȢ ȝȠȡĳȒȢ ıİ ĲȡȚȖȦȞȚțȐ ıĲȠȚȤİȓĮ. Ǿ ʌȡȫĲȘ İĳĮȡȝȠȖȒ 
ĲȘȢ ȝİșȩįȠȣ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİ ĲȠ 1956 Įʌȩ ĲȠȣȢ Turner, Clough, Martin țĮȚ 
Topp, ȖȚĮ ĲȘȞ ĮȞȐȜȣıȘ ıĲĮĲȚțȫȞ țĮȚ įȣȞĮȝȚțȫȞ ʌȡȠȕȜȘȝȐĲȦȞ ıĲȘȞ ĮİȡȠȞĮȣʌȘ-
ȖȚțȒ [14]. ǲțĲȠĲİ, ıİ įȚȐıĲȘȝĮ ȝȚĮȢ įİțĮİĲȓĮȢ, Ș İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ 
ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ, ȝİ ĲȘȞ ȠȞȠȝĮıȓĮ ʌȠȣ ĲȠȣȢ ȑįȦıİ Ƞ Clough ĲȠ 1960, 
İʌİțĲȐșȘțİ țĮȚ ıİ ȐȜȜĮ ʌİįȓĮ ĲȘȢ șİȦȡȘĲȚțȒȢ țĮȚ İĳĮȡȝȠıȝȑȞȘȢ 
ȝȘȤĮȞȚțȒȢ[14]5Ĳ.  
 
Ȃİ ĲȘȞ ʌȐȡȠįȠ ĲȦȞ ȤȡȩȞȦȞ, Ș ȝİșȠįȠȜȠȖȓĮ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ȣʌȑ-
ıĲȘ ıȘȝĮȞĲȚțȑȢ ȕİȜĲȚȫıİȚȢ. O Przemieniecki to 1968 ȑįİȚȟİ ȩĲȚ Ș ȝȑșȠįȠȢ İȓȞĮȚ 
İĳĮȡȝȩıȚȝȘ ıİ ʌȡȠȕȜȒȝĮĲĮ ĮȞȐȜȣıȘȢ ĲȐıİȦȞ. ȅȚ Zienkiewicz țĮȚ Cheung 
įȚĮĲȪʌȦıĮȞ ĲȠ 1967 ȝȚĮ İțĲİĲĮȝȑȞȘ İȡȝȘȞİȓĮ ĲȘȢ ȝİșȩįȠȣ țĮȚ ĮʌȑįİȚȟĮȞ ĲȘȞ 
İĳĮȡȝȠıȚȝȩĲȘĲȐ ĲȘȢ ıİ țȐșİ ȖİȞȚțȩ ʌȡȩȕȜȘȝĮ ʌİįȓȠȣ. Ǿ șİȫȡȘıȘ ĮȣĲȒ ĲȦȞ 
ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ȠįȒȖȘıİ ıĲȘȞ țĮĲĮıțİȣȒ ĲȦȞ İȟȚıȫıİȦȞ, ʌȠȣ ȤȡȘıȚ-
ȝȠʌȠȚȠȪȞĲĮȚ ıĲȘȞ ȝȑșȠįȠ, ȝİ ĲȘȞ ȕȠȒșİȚĮ ȝİșȩįȦȞ ıĲĮșȝȚıȝȑȞȦȞ ȣʌȠȜȠȓʌȦȞ 
(weighted residual methods) ȩʌȦȢ İȓȞĮȚ Ș ȝȑșȠįȠȢ Galerkin, Ș ȝȑșȠįȠȢ Petrov-
Galerkin, țĮșȫȢ țĮȚ Ș ȝȑșȠįȠȢ ĲȦȞ İȜĮȤȓıĲȦȞ ĲİĲȡĮȖȫȞȦȞ. 
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ȉĮ ʌİȡȚııȩĲİȡĮ ĲȦȞ ȕȚȕȜȓȦȞ, įȘȝȠıȚİȪıİȦȞ țĮȚ ıȣȞİįȡȓȦȞ ʌȠȣ ȑȤȠȣȞ ȦȢ țȪȡȚȠ 
ĮȞĲȚțİȓȝİȞȠ ĲĮ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ʌİȡȚȑȤȠȣȞ ĲȘȞ ȕĮıȚțȒ șİȦȡȓĮ ĲȘȢ ȝİșȩįȠȣ, 
ĲȚȢ İȟȚıȫıİȚȢ ʌȠȣ įȚȑʌȠȣȞ ĲĮ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ, İĳĮȡȝȠȖȑȢ ĮȣĲȫȞ ıİ ʌȡȠ-
ȕȜȒȝĮĲĮ ȖİȦȝȘȤĮȞȚțȒȢ, ȡİȣıĲȠȝȘȤĮȞȚțȒȢ, șİȡȝȠįȣȞĮȝȚțȒȢ ț.Į., țĮșȫȢ țĮȚ ĮȜ-
ȖȩȡȚșȝȠȣȢ İʌȓȜȣıȘȢ įȚĮĳȩȡȦȞ ʌȡȠȕȜȘȝȐĲȦȞ ıİ ȖȜȫııİȢ ʌȡȠȖȡĮȝȝĮĲȚıȝȠȪ Ǿ/Ȋ 
(Fortran 77). 
 
ȈȒȝİȡĮ, Ș ıȣȖțİțȡȚȝȑȞȘ ȝȑșȠįȠȢ șİȦȡİȓĲĮȚ ȝȚĮ Įʌȩ ĲȚȢ țĮȜȪĲİȡİȢ ĮȡȚșȝȘĲȚțȑȢ 
ȝİșȩįȠȣȢ, ıȘȝĮȞĲȚțȐ ȖȡȒȖȠȡȘ țĮȚ İĳĮȡȝȩıȚȝȘ ıİ ȑȞĮ İȣȡȪĲĮĲȠ ʌİįȓȠ ʌȡȠȕȜȘ-
ȝȐĲȦȞ ĲȘȢ ȝȘȤĮȞȚțȒȢ. 
 
ĬİȝİȜȚȫįȘ ȕȒȝĮĲĮ ĲȘȢ ȝİșȩįȠȣ 
 
Ǿ ȝȑșȠįȠȢ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ȕĮıȓȗİĲĮȚ ıİ ĲȡȓĮ ȕĮıȚțȐ ȕȒȝĮĲĮ ȖȚĮ ĲȘȞ 
ʌİȡȐĲȦıȒ ĲȘȢ: 
 
x ȆȡȫĲȠ ȕȒȝĮ İȓȞĮȚ Ș įȚĮȓȡİıȘ ĲȠȣ ʌİįȓȠȣ ȝȚĮȢ, įȪȠ, Ȓ ĲȡȚȦȞ įȚĮıĲȐıİȦȞ, ıİ İʌȚ-
ȝȑȡȠȣȢ ȝȚțȡȩĲİȡĮ ĲȝȒȝĮĲĮ, țĮĲȐ ĲȡȩʌȠ ĲȑĲȠȚȠ ȫıĲİ ȞĮ ĮȞĲȚʌȡȠıȦʌİȪİĲĮȚ ȝİ ĲȘȞ 
ȝİȖĮȜȪĲİȡȘ įȣȞĮĲȒ ĮțȡȓȕİȚĮ Ș ȖİȦȝİĲȡȓĮ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ıİ ıȣȞȐȡĲȘıȘ ȝİ ĲȘȞ 
İʌȚțİȓȝİȞȘ ȜȪıȘ ĮȣĲȠȪ. 

x ǻİȪĲİȡȠ ȕȒȝĮ İȓȞĮȚ Ș ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȜȪıȘȢ, ıİ țȐșİ ĲȝȒȝĮ ĲȠȣ ʌİįȓȠȣ, ıĮȞ 
ȖȡĮȝȝȚțȩȢ ıȣȞįȣĮıȝȩȢ ĲȦȞ ĲȚȝȫȞ ıİ ıȣȖțİțȡȚȝȑȞĮ ıȘȝİȓĮ (țȩȝȕȠȚ) țĮȚ ĲȦȞ 
ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ (shape functions) ʌȠȣ ȠȡȓȗȠȞĲĮȚ ȖȚĮ țȐșİ țȩȝȕȠ. 

x ȉȡȓĲȠ ȕȒȝĮ İȓȞĮȚ Ș ʌĮȡĮȖȦȖȒ ĮȜȖİȕȡȚțȒȢ ıȤȑıȘȢ ȝİĲĮȟȪ ĲȦȞ ĲȚȝȫȞ ıĲȠȣȢ țȩȝ-
ȕȠȣȢ (nodes) țĮĲȐ ĲȘȞ İʌȓȜȣıȘ ıİ țȐșİ ĲȝȒȝĮ țĮȚ Ș ıȣȞȑȞȦıȘ ĲȦȞ İʌȚȝȑȡȠȣȢ 
ĲȝȘȝȐĲȦȞ ȖȚĮ ȞĮ İʌȚĲİȣȤșİȓ Ș İʌȓȜȣıȘ ĲȠȣ ıȣȞȩȜȠȣ. 

 
ǻȚĮȓȡİıȘ ĲȠȣ ʌİįȓȠȣ 
 
ǵʌȦȢ ĮȞĮĳȑȡșȘțİ ʌĮȡĮʌȐȞȦ, ĲȠ țȪȡȚȠ ȤĮȡĮțĲȘȡȚıĲȚțȩ ĲȘȢ ȝİșȩįȠȣ İȓȞĮȚ Ș ȣʌȠįȚ-
ĮȓȡİıȘ ȑȞȠȢ įİįȠȝȑȞȠȣ ʌİįȓȠȣ ȠȡȚıȝȠȪ (domain) ıİ ĮʌȜȠȪıĲİȡȘȢ ȖİȦȝİĲȡȓĮȢ ȣʌȠ-
ʌİįȓĮ. ȉĮ ȣʌȠʌİįȓĮ ĮȣĲȐ țĮȜȠȪȞĲĮȚ ‘ıĲȠȚȤİȓĮ’ (elements) țĮȚ ĮʌȠĲİȜȠȪȞ ĲȠ ȕĮıȚțȩ 
ȤĮȡĮțĲȘȡȚıĲȚțȩ ĲȘȢ ȝİșȩįȠȣ. Ǿ įȚĮȓȡİıȘ ĲȠȣ ʌİįȓȠȣ ȑȤİȚ įȪȠ ʌȜİȠȞİțĲȒȝĮĲĮ (IGE, 
2003): 
 
x ǼʌȚĲȡȑʌİȚ ĲȘȞ ĮȞĲȚʌȡȠıȫʌİȣıȘ, ȝİ ȝİȖȐȜȘ ĮțȡȓȕİȚĮ, ʌİȡȓʌȜȠțȦȞ ȖİȦȝİĲȡȚțȫȞ 
ıȤȘȝȐĲȦȞ țĮȚ įȓȞİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ıȣȞȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ ȚįȚȠĲȒĲȦȞ ĮȞȩȝȠȚȦȞ 
ȣȜȚțȫȞ. 

 
x ǼʌȚĲȡȑʌİȚ ĲȘȞ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȜȪıȘȢ ıİ țȐșİ ıĲȠȚȤİȓȠ, ıİ İȞĮ ıȣȞİȤȑȢ țȜİȚıĲȒȢ 
ȝȠȡĳȒȢ ʌȠȜȪȖȦȞȠ, țĮȚ ȦȢ İț ĲȠȪĲȠȣ, ĲȘȞ ȖȞȫıȘ ĲȠȣ ĮȡȚșȝȘĲȚțȠȪ ĮʌȠĲİȜȑıȝĮĲȠȢ 
ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ ıİ țȐșİ ıĲȠȚȤİȓȠ, ȐȡĮ ıİ ȠʌȠȚȠįȒʌȠĲİ ȝȑȡȠȢ, ĲȠȣ ʌİįȓȠȣ 
ȠȡȚıȝȠȪ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. 

Ǿ įȚĮȓȡİıȘ İȞȠȢ ʌİįȓȠȣ ȝİ ĮʌȡȠıįȚȩȡȚıĲȠ ĮȡȚșȝȩ ȕĮșȝȫȞ İȜİȣșİȡȓĮȢ ıİ ıĲȠȚȤİȓĮ 
ȕȠȘșȐ İʌȚıȘȢ ıĲȠȞ ʌȡȠıįȚȠȡȚıȝȩ ʌİʌİȡĮıȝȑȞȦȞ ȕĮșȝȫȞ İȜİȣșİȡȓĮȢ, ȠȚ ȠʌȠȓȠȚ İȓȞĮȚ 
ĲȠ ıȪȞȠȜȠ ĲȦȞ ȐȖȞȦıĲȦȞ ȝİĲĮȕȜȘĲȫȞ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ ıİ țȐșİ ıĲȠȚȤİȓȠ. 
 
ȍıĲȩıȠ, Ș țĮĲȐȜȜȘȜȘ İțȜȠȖȒ ĲȠȣ ĲȪʌȠȣ ĲȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ șĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ȖȚĮ 
ĲȘȞ įȚĮȓȡİıȘ ĲȠȣ ʌİįȓȠȣ İȟĮȡĲȐĲĮȚ Įʌȩ įȚȐĳȠȡȠȣȢ ʌĮȡȐȖȠȞĲİȢ ʌȠȣ, ȩȝȦȢ, ıĮȞ țȠȚȞȩ 
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ʌĮȡĮȞȠȝĮıĲȒ ȑȤȠȣȞ ĲȘȞ țĮȜȪĲİȡȘ įȣȞĮĲȒ ʌȡȠıȠȝȠȓȦıȘ ĲȠȣ ʌİįȓȠȣ Įʌȩ ĲĮ ıĲȠȚȤİȓĮ 
ĮȣĲȐ. 
 
ǼȓįȘ ıĲȠȚȤİȓȦȞ 
 
ȉȠ İȓįȠȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ șĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ İȟĮȡĲȐĲĮȚ țȪȡȚĮ Įʌȩ ĲȘȞ įȚĮıĲĮıȚȠ-
ȜȩȖȘıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ ĲȚȢ įȚĮıĲȐıİȚȢ ʌȠȣ ĮʌĮȚĲȠȪȞĲĮȚ ȖȚĮ ĲȘȞ ʌİȡȚȖȡĮĳȒ ĲȠȣ 
ʌȡȠȕȜȒȝĮĲȠȢ. ȅȡȚıȝȑȞĮ Įʌȩ ĲĮ ȕĮıȚțȩĲİȡĮ İȓįȘ ıĲȠȚȤİȓȦȞ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ 
ıĲȘȞ ȝȑșȠįȠ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲĮ İʌȩȝİȞĮ ıȤȒȝĮĲĮ. 
 
ȈĲȠȚȤİȓĮ ıİ ȝȚĮ įȚȐıĲĮıȘ 
 
ǵĲĮȞ Ș ȖİȦȝİĲȡȓĮ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ Ȓ ĲȠ ȣȜȚțȩ Ȓ țĮȚ ȐȜȜİȢ ʌĮȡȐȝİĲȡȠȚ (ȩʌȦȢ Ș ĲȐ-
ıȘ, Ș ʌĮȡĮȝȠȡĳȦıȘ, Ș șİȡȝȠțȡĮıȚĮ) ȝʌȠȡȠȪȞ ȞĮ ʌİȡȚȖȡĮĳȠȪȞ ıĲĮ ʌȜĮȓıȚĮ ȝȚĮȢ 
țȪȡȚĮȢ įȚȐıĲĮıȘȢ, ĲȩĲİ ȖȚĮ ĲȘȞ įȚĮțȡȚĲȠʌȠȓȘıȘ ȝʌȠȡȠȪȞ ȞĮ  ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ȝȠȞȠ-
įȚȐıĲĮĲĮ Ȓ ȖȡĮȝȝȚțȐ ıĲȠȚȤİȓĮ (ȕȜ. ıȤ 4.2) 
 

 
 

ȈȤȒȝĮ 4.2 : ǼȓįȘ ıĲȠȚȤİȓȦȞ ȝȚĮȢ įȚȐıĲĮıȘȢ 
 
ȈĲȠȚȤİȓĮ ıİ įȣȠ įȚĮıĲȐıİȚȢ 
 
ǹȞĲȓıĲȠȚȤĮ,  ıİ ʌȡȠȕȜȒȝĮĲĮ ıĲĮ ȠʌȠȓĮ İȓȞĮȚ İȞįİįİȚȖȝȑȞȘ Ș ȤȡȒıȘ įȣȠ įȚĮıĲȐıİȦȞ, 
Ș ıİ ȖİȦȝİĲȡȓİȢ ıĲȚȢ ȠʌȠȓİȢ Ș ĲȡȓĲȘ įȚȐıĲĮıȘ İȓȞĮȚ ıȘȝĮȞĲȚțȐ ȝȚțȡȩĲİȡȘ ĲȦȞ ȣʌȠ-
ȜȠȓʌȦȞ įȣȠ, ĲȩĲİ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ įȚıįȚȐıĲĮĲĮ ıĲȠȚȤİȓĮ.(ȕȜ. ıȤ. 4.3). ȉĮ İȣȡȑȦȢ 
ȤȡȘıȚȝȠʌȠȚȠȪȝİȞĮ ıĲȠȚȤİȓĮ ıİ ĮȣĲȒȞ ĲȘȞ țĮĲȘȖȠȡȓĮ İȓȞĮȚ ĲĮ ĲȡȚȖȦȞȚțȐ. ȍıĲȩıȠ, 
ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ĮȡțİĲȐ țĮȚ ĲĮ ȠȡșȠȖȦȞȚțȐ ĮȜȜȐ țĮȚ ĲĮ ĲİĲȡĮțȠȝȕȚțȐ țĮȚ ĲĮ 
ʌĮȡĮȜȜȘȜȩȖȡĮȝȝĮ, ĲĮ ȠʌȠȓĮ, ĮȞ țĮȚ ȝʌȠȡȠȪȞ ȞĮ ʌȡȠțȪȥȠȣȞ Įʌȩ įȣȠ Ȓ ĲȑııİȡĮ ĲȡȚ-
ȖȦȞȚțȐ ıĲȠȚȤİȓĮ İȞ ĲȚ İȞȫıİȚ ĮȣĲȫȞ, ȝʌȠȡȠȪȞ ȞĮ ĮʌȠįİȚȤĲȠȪȞ țĮȜȪĲİȡȘ İʌȚȜȠȖȒ ıİ 
ȠȡȚıȝȑȞİȢ ʌİȡȚʌĲȫıİȚȢ. 
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ȈȤȒȝĮ 4.3 : ǼȓįȘ ıĲȠȚȤİȓȦȞ įȣȠ įȚĮıĲȐıİȦȞ 
 
 
ȈĲȠȚȤİȓĮ ıİ ĲȡİȚȢ įȚĮıĲȐıİȚȢ 
 
ȉȑȜȠȢ, ĮȞ ĲȠ ʌȡȩȕȜȘȝĮ ʌȡȠȢ İʌȓȜȣıȘ ʌȡȑʌİȚ ȞĮ ĮȞĲȚȝİĲȦʌȚıĲİȓ ıİ ʌİįȓȠ ĲȡȚȫȞ įȚĮ-
ıĲȐıİȦȞ, ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ĲĮ ĮȞĲȓıĲȠȚȤĮ ĲȡȚıįȚȐıĲĮĲĮ ıĲȠȚȤİȓĮ (ȕȜ. ıȤ. 4.4), ȩʌȦȢ 
țȣȕȚțȐ, ĲİĲȡĮİįȡȚțȐ Ȓ İȟĮİįȡȚțȐ ıĲȠȚȤİȓĮ. Ǿ ȤȡȒıȘ ĲȡȚıįȚȐıĲĮĲȠȣ ȤȦȡȓȠȣ İȓȞĮȚ įȣ-
ıțȠȜȩĲİȡȘ ıİ ıȤȑıȘ ȝİ ĲȠ ȖȡĮȝȝȚțȩ Ș ĲȠ įȚıįȚȐıĲĮĲȠ ʌİįȓȠ, ʌĮȡȩȜĮ ĮȣĲȐ ıİ ȠȡȚıȝȑ-
ȞĮ ʌȡȠȕȜȒȝĮĲĮ ȖİȦȝȘȤĮȞȚțȒȢ ʌȜȘıȚȐȗİȚ ʌȚȠ ʌȠȜȪ ıĲȘȞ ʌȡĮȖȝĮĲȚțȒ ȜȪıȘ ĲȠȣ 
ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ ĮʌȠĳİȪȖİȚ ʌĮȡĮįȠȤȑȢ ʌȠȣ ıĲȚȢ ȐȜȜİȢ įȣȠ ʌİȡȚʌĲȫıİȚȢ ĮȣȟȐȞȠȣȞ ĲȚȢ 
ʌȚșĮȞȩĲȘĲİȢ İıĳĮȜȝȑȞȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ țĮȚ ıȣȝʌİȡĮıȝȐĲȦȞ. 
 

 
ȈȤȒȝĮ 4.4 : ǼȓįȘ ıĲȠȚȤİȓȦȞ ĲȡȚȦȞ įȚĮıĲȐıİȦȞ 
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ȂȑȖİșȠȢ ĲȦȞ ıĲȠȚȤİȓȦȞ 
 
ȉȠ ȝȑȖİșȠȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ıĲĮ ȠʌȠȓĮ įȚĮțȡȚĲȠʌȠȚİȓĲĮȚ ĲȠ ʌȡȩȕȜȘȝĮ İȓȞĮȚ ʌȜȑȠȞ ıȘȝĮ-
ȞĲȚțȩ ȖȚĮ ĲȘȞ ȕȑȜĲȚıĲȘ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȜȪıȘȢ ĲȠȣ İțȐıĲȠĲİ ʌȡȠȕȜȒȝĮĲȠȢ. ǵıȠ ʌȚȠ 
ȝȚțȡȩ ĲȠ ȝȑȖİșȠȢ ĲȦȞ ıĲȠȚȤİȓȦȞ, ĲȩıȠ ʌȚȠ ĮțȡȚȕȒ İȓȞĮȚ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ʌȠȣ 
İʌȚĲȣȖȤȐȞȠȣȝİ. ȍıĲȩıȠ, įİȞ ʌȡȑʌİȚ ȞĮ ʌĮȡĮȖȞȦȡȚıĲİȓ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ ȝȚțȡȩĲİȡĮ ıĲȠȚ-
ȤİȓĮ, ȐȡĮ țĮȚ ʌİȡȚııȩĲİȡĮ ĲȠȞ ĮȡȚșȝȩ, İȟȣʌĮțȠȪİĲĮȚ ȝİȖĮȜȪĲİȡȠ ȤȡȩȞȠ ȣʌȠȜȠȖȚ-
ıȝȠȪ. ĬİȝȚĲȒ, ȐȡĮ, İȓȞĮȚ Ș ȤȡȒıȘ ıĲȠȚȤİȓȦȞ įȚĮĳȠȡİĲȚțȠȪ ȝİȖȑșȠȣȢ ȝİĲĮȟȪ ĲȦȞ ȝȑıĮ 
ıİ İȞĮ ʌȡȩȕȜȘȝĮ.  
 
Ǿ ıȣȞȒșȘȢ ʌȡĮțĲȚțȒ İȓȞĮȚ Ș ȤȡȒıȘ ȝİȖȐȜȦȞ ıĲȠȚȤİȓȦȞ ıĲȚȢ ʌİȡȚȠȤȑȢ ĲȠȣ ȤȦȡȓȠȣ ȩʌȠȣ 
įİȞ İȚȞĮȚ ĮʌĮȡĮȓĲȘĲȘ Ș ȝİȖȐȜȘ ĮțȡȓȕİȚĮ ĮʌȠĲİȜİıȝȐĲȦȞ, țĮȚ Ș ȤȡȒıȘ ȝȚțȡȩ-ĲİȡȦȞ 
țĮȚ ʌİȡȚııȩĲİȡȦȞ ıĲȠȚȤİȓȦȞ țȠȞĲȐ ıĲȚȢ ȝİȖȐȜȘȢ ıȘȝĮıȓĮȢ ʌİȡȚȠȤȑȢ ĲȠȣ ʌİįȓȠȣ ĲȠȣ 
İțȐıĲȠĲİ ʌȡȠȕȜȒȝĮĲȠȢ ȩʌȦȢ İȓȞĮȚ, ȖȚĮ ʌĮȡȐįİȚȖȝĮ, ĲȠ ȐȞȠȚȖȝĮ ȝȚĮȢ țȣțȜȚțȒȢ 
ıȒȡĮȖȖĮȢ ıİ ȑįĮĳȠȢ (ȕȜ. ıȤ. 4.5), ȩʌȠȣ țȠȞĲȐ ıĲȠ ȐȞȠȚȖȝĮ Ș įȚĮțȡȚĲȠʌȠȓȘıȘ șĮ İȓȞĮȚ 
ȜİʌĲȠȝİȡȑıĲİȡȘ Įʌȩ ȩĲȚ ıĲȠ ȣʌȩȜȠȚʌȠ ʌİįȓȠ. 
 

 
 

ȈȤȒȝĮ 4.5 : ǻȚĮȕȐșȝȚıȘ ĲȦȞ ıĲȠȚȤİȓȦȞ ıĲȠ ʌİįȓȠ 
 
 
ǹȡȚșȝȩȢ ĲȦȞ ıĲȠȚȤİȓȦȞ 
 
ȅ ĮȡȚșȝȩȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ıĲȘȞ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ʌȡȠȕȜȒȝĮ-
ĲȠȢ İȓȞĮȚ ĮʌȠ ĲȚȢ ʌȚȠ ıȘȝĮȞĲȚțȑȢ ʌĮȡĮȝȑĲȡȠȣȢ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘıȘȢ. ȂİȖȐȜȠȢ ĮȡȚșȝȩȢ 
ıĲȠȚȤİȓȦȞ țȐȞİȚ ĮțȡȚȕȑıĲİȡȘ ĲȘȞ ʌȡȠıȑȖȖȚıȘ ıĲȘȞ ȜȪıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, ĮȣȟȐȞİȚ 
ȩȝȦȢ țĮȚ ĲȠȞ ȤȡȩȞȠ ȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ İȟȚıȫıİȦȞ ʌȠȣ įȚȑʌȠȣȞ ĲȠ ʌȡȩȕȜȘȝĮ, ȠȚ ȠʌȠȓİȢ 
İȓȞĮȚ ʌȠȜȜĮʌȜȐıȚİȢ ĲȦȞ țȩȝȕȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ. 
 
īȚĮ țȐșİ ʌȡȩȕȜȘȝĮ, ȩȝȦȢ, ĮʌȠįİȚțȞȪİĲĮȚ ȩĲȚ ʌȑȡĮ Įʌȩ țȐʌȠȚȠȞ ȕȑȜĲȚıĲȠ ĮȡȚșȝȩ 
ıĲȠȚȤİȓȦȞ,  Ș ĮțȡȓȕİȚĮ ĲȘȢ ȜȪıȘȢ įİȞ ĮȜȜȐȗİȚ ıȘȝĮȞĲȚțȐ ȝİ ĲȘȞ ʌİȡĮȚĲȑȡȦ ĮȪȟȘıȘ 
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ĲȦȞ ıĲȠȚȤİȓȦȞ (ȕȜ. ıȤ. 4.6). ǲĲıȚ ıİ țȐșİ ʌȡȩȕȜȘȝĮ ȟİȤȦȡȚıĲȐ ʌȡȠıįȚȠȡȓȗİĲĮȚ Ƞ ȕȑȜ-
ĲȚıĲȠȢ ĮȡȚșȝȩȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ șĮ įȫıİȚ ĲȘȞ ĮțȡȚȕȑıĲİȡȘ ȜȪıȘ. 
 

 
 

ȈȤȒȝĮ : 4.6  īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ ĮțȡȓȕİȚĮȢ ĲȘȢ ȜȪıȘȢ  
ıȣȞĮȡĲȒıİȚ ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ ıĲȠȚȤİȓȦȞ 

 
 
ĬĮ ʌȡȑʌİȚ İįȫ ȞĮ ıȘȝİȚȦșİȓ ȩĲȚ, ȖȚĮ ȜȠȖȚıĲȚțȠȪȢ ȜȩȖȠȣȢ, ĲȩıȠ ĲĮ ıĲȠȚȤİȓĮ, ȩıȠ țĮȚ ȠȚ 
țȩȝȕȠȚ ĮȡȚșȝȠȪȞĲĮȚ. ȍıĲȩıȠ Ș ĮȡȓșȝȘıȘ ĲȠȣȢ įİȞ įȚȑʌİĲĮȚ Įʌȩ țȐʌȠȚȠȞ țĮȞȩȞĮ, ĮȜ-
ȜȐ İȓȞĮȚ ĲİȜİȓȦȢ ĮȣșĮȓȡİĲȘ. ǵȝȦȢ, ĮȞȐȜȠȖĮ ȝİ ĲȘȞ ĮȡȓșȝȘıȘ, įȚĮȝȠȡĳȫȞİĲĮȚ țĮȚ Ș 
ȤȡȒıȘ ȣʌȠȜȠȖȚıĲȚțȒȢ ȝȞȒȝȘȢ. 
 
 
ǼʌȓȜȣıȘ ȂİȡȚțȫȞ ǻȚĮĳȠȡȚțȫȞ ǼȟȚıȫıİȦȞ ȆİįȓȠȣ ȝİ ĲȘȞ ȂȑșȠįȠ ĲȦȞ 
ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ 
 
ȅȚ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ ʌİįȓȠȣ ȤȦȡȓȗȠȞĲĮȚ ıİ ĲȡİȓȢ ȕĮıȚțȑȢ țĮĲȘȖȠȡȓİȢ: 
 
x ĲȚȢ ʌĮȡĮȕȠȜȚțȑȢ 
x ĲȚȢ İȜȜİȚʌĲȚțȑȢ 
x ĲȚȢ ȣʌİȡȕȠȜȚțȑȢ   

 
ȉȠ ʌİįȓȠ İʌȓȜȣıȘȢ ĲȦȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ȝʌȠȡİȓ ȞĮ İȓȞĮȚ ȝȠȞȠįȚȐıĲĮĲȠ, įȣȠ Ȓ 
țĮȚ ĲȡȚȫȞ įȚĮıĲȐıİȦȞ. ȈĲȘȞ ʌĮȡȐȖȡĮĳȠ ĮȣĲȒ ʌĮȡĮĲȓșİȞĲĮȚ ʌĮȡĮįİȓȖȝĮĲĮ ĲȦȞ ĲȡȚȦȞ 
İȚįȫȞ ȝİȡȚțȫȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ȖȚĮ ʌȡȠȕȜȒȝĮĲĮ ʌİįȓȠȣ įȣȠ įȚĮıĲȐıİȦȞ. 
 
ȆĮȡĮȕȠȜȚțȑȢ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ 
 
ȅȚ ʌĮȡĮȕȠȜȚțȑȢ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ ʌİȡȚȖȡȐĳȠȣȞ ĳĮȚȞȩȝİȞĮ ȡȠȒȢ ȝȐȗĮȢ Ȓ 
İȞȑȡȖİȚĮȢ İʌȚ İȞȩȢ ʌİįȓȠȣ (domain) ȠȡȓıȝȑȞȠȣ ıİ țĮȡĲİıȚĮȞȩ ıȪıĲȘȝĮ ıȣȞĲİĲĮȖȝȑ-
ȞȦȞ. Ǿ ȖİȞȚțȒ ȝȠȡĳȒ ĲȦȞ İȟȚıȫıİȦȞ ĮȣĲȫȞ, ȑȚȞĮȚ Ș ĮțȩȜȠȣșȘ: 
 

                sbak
t

c �)�)��)�� 
w
)w .).(.   ,        ȝİ  

yx w
w

�
w
w

 �                   [4.1] 
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ȩʌȠȣ  
   - c İȓȞĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ ȤȦȡȘĲȚțȩĲȘĲĮȢ ĲȠȣ ʌİįȓȠȣ (capacity coefficient) 
   - k İȓȞĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ įȚĮʌİȡĮĲȩĲȘĲĮȢ Ȓ ĮȖȦȖȚȝȠĲȘĲĮȢ ĲȠȣ ʌİįȓȠȣ (permeability or      

conductivity coefficient) 
   - Į İȓȞĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ ȝİĲĮȖȦȖȒȢ ĲȠȣ ʌİįȓȠȣ (convection coefficient) 
   - b İȓȞĮȚ Ƞ ıȣȞĲİȜİıĲȒȢ ĮțĲȚȞȠȕȠȜȓĮȢ (radiation coefficient)  
   - s İȓȞĮȚ ȩȡȠȢ ʌȠȣ İțĳȡȐȗİȚ ȠʌȠȚĮįȒʌȠĲİ ʌȘȖȒ įȚĮĲĮȡĮȤȒȢ ıĲȠ ʌİįȓȠ ĲȘȢ ĭ (source 

term). 
 
Ǿ İʌȓȜȣıȘ ĲȘȢ įȚĮĳȠȡȚțȒȢ İȟȓıȦıȘȢ (4.1) įȓȞİȚ ĲȠ ʌİįȓȠ țĮĲĮȞȠȝȒȢ ĲȘȢ ıȣȞȐȡĲȘıȘȢ 
ĭ İȞĲȩȢ ȝȚĮȢ ȠȡȚȠșİĲȘȝȑȞȘȢ ʌİȡȚȠȤȒȢ țȜİȚıĲȠȪ ıȣȞȩȡȠȣ țĮȚ ĲȘȞ ȝİĲĮȕȠȜȒ ĲȘȢ ȦȢ 
ʌȡȠȢ ĲȠ ȤȡȩȞȠ. 
 
Ȉİ ʌİȡȓʌĲȦıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ Ƞ ıȣȞĲİȜİıĲȒȢ ȤȦȡȘĲȚțȩĲȘĲĮȢ İȓȞĮȚ ȝȘįȑȞ, Ș İȟȓıȦıȘ 
(4.1) ȝİĲĮĲȡȑʌİĲĮȚ Įʌȩ ʌĮȡĮȕȠȜȚțȒ ıİ İȜȜİȚʌĲȚțȒ țĮȚ Ș ȜȪıȘ ĲȘȢ įȓȞİȚ ĲȠ ʌİįȓȠ țĮĲĮ-
ȞȠȝȒȢ ĲȘȢ ĭ ȝȑıĮ ıĲȘȞ ʌİȡȚȠȤȒ ĲȠȣ ʌİįȓȠȣ ĲȠ ȠʌȠȓȠ İȓȞĮȚ ıĲĮĲȚțȩ țĮȚ ĮȞİȟȐȡĲȘĲȠ 
ĲȠȣ ȤȡȩȞȠȣ.  
 
ǼȜȜİȚʌĲȚțȑȢ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ 
 
ȅȚ İȜȜİȚʌĲȚțȑȢ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ İȓȞĮȚ ĲȘȢ ȖİȞȚțȒȢ ȝȠȡĳȒȢ : 
 
                                      0.).(  �)�)��)�� sbak                                          [4.2] 
 
țĮȚ ȠȣıȚĮıĲȚțȐ İțĳȡȐȗȠȣȞ ȑȞĮ ıĲĮĲȚțȩ ʌİįȓȠ țĮĲĮȞȠȝȒȢ ĲȘȢ ıȣȞĮȡĲȘıȘȢ ĭ İʌȓ ĲȠȣ 
ȤȦȡȓȠȣ. 
 
4.5.3 ȊʌİȡȕȠȜȚțȑȢ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ 
 
ȉȑȜȠȢ, ȠȚ ȣʌİȡȕȠȜȚțȑȢ ȝİȡȚțȑȢ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ, İȓȞĮȚ ĲȘȢ ȖİȞȚțȒȢ ȝȠȡĳȒȢ : 
 

                                  sbak
t

c �)�)��)�� 
w
)w .).(. 2

2

                                   [4.3] 

 
țĮȚ İțĳȡȐȗȠȣȞ ȝȚĮ țȣȝĮĲȠİȓįȘ țĮĲĮȞȩȝȘ ĲȘȢ ĭ ıĲȠ ʌİįȓȠ țĮȚ ȦȢ İț ĲȠȪĲȠȣ ȠȞȠȝȐȗȠ-
ȞĲĮȚ țĮȚ İȟȓıȦıİȚȢ țȪȝĮĲȠȢ Ȓ țȣȝĮĲȚıȝȠȪ.  
 
 
 
ǹȞȐȜȣıȘ ȝİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ıİ ʌȡȠȕȜȒȝĮĲĮ ȝȚĮȢ įȚȐıĲĮıȘȢ 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ ȝȠȞȠįȚȐıĲĮĲȦȞ ʌȡȠȕȜȘȝȐĲȦȞ ĲĮ ıĲȠȚȤİȓĮ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ 
İȓȞĮȚ ȖȡĮȝȝȚțȐ. ǲıĲȦ ȩĲȚ ĲȠ ʌȡȩȕȜȘȝĮ ʌȠȣ ȑȤȠȣȝİ ȞĮ ĮȞĲȚȝİĲȦʌȓıȠȣȝİ İȓȞĮȚ ȝȚĮȢ 
įȠțȠȪ, ʌĮțĲȦȝȑȞȘȢ ıĲȠ ĮȡȚıĲİȡȩ ĲȘȢ ȐțȡȠ, Ș ȠʌȠȓĮ įȑȤİĲĮȚ ĮȟȠȞȚțȒ ĳȩȡĲȚıȘ {ȇ} ıĲȠ 
įİȟȓ ĲȘȢ ȐțȡȠ, İȞȫ țĮĲȐ ȝȒțȠȢ ĲȘȢ İȟĮıțİȓĲĮȚ ȠȝȠȚȩȝȠȡĳȘ ĮȟȠȞȚțȒ ĳȩȡĲȚıȘ f(x) 
(ȕȜ.ıȤ.4.7). 
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ȈȤȒȝĮ 4.7 : ȆĮțĲȦȝȑȞȘ įȠțȩȢ ʌȠȣ įȑȤİĲĮȚ ĮȟȠȞȚțȒ ĳȩȡĲȚıȘ P 
 
 

ȉȠ ʌİįȓȠ İʌȓȜȣıȘȢ ĲȦȞ İȟȚıȫıİȦȞ ʌȠȣ įȚȑʌȠȣȞ ĲȠ ʌȡȩȕȜȘȝĮ İȓȞĮȚ ĲȠ ȝȒțȠȢ ĲȘȢ 
įȠțȠȪ, ĲȠ ȠʌȠȓȠ įȚĮȚȡİȓĲĮȚ ıİ İʌȚȝȑȡȠȣȢ ĲȝȒȝĮĲĮ ȝȒțȠȣȢ. ǻȘȝȚȠȣȡȖİȓĲĮȚ ȑȞĮ ıȪȞȠȜȠ 
ıȘȝİȓȦȞ (ȕȜ. ıȤ. 3.8) ĲĮ ȠʌȠȓĮ ʌȡȠıįȚȠȡȓȗȠȞĲĮȚ Įʌȩ ĲĮ ȐțȡĮ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ 
(țȩȝȕȠȚ). Ǽʌȓ ĲȦȞ țȩȝȕȦȞ ĮȣĲȫȞ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ĮȟȠȞȚțȒȢ ȝİĲĮĲȩʌȚıȘȢ 
u(x). 

 
ȈȤȒȝĮ 4.8 : ǻȚĮțȡȚĲȠʌȠȓȘıȘ ĲȘȢ įȠțȠȪ ıİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ 

 
 

ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȠȣ ȝȠȞȠįȚȐıĲĮĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, țȐșİ ıĲȠȚȤİȓȠ ʌİȡȚȜĮȝȕȐȞİȚ įȣȠ 
țȩȝȕȠȣȢ (ȕȜ. ıȤ. 3.8) țĮȚ Ș ȜȪıȘ țĮĲȐ ȝȒțȠȢ ĮȣĲȠȣ İțĳȡȐȗİĲĮȚ Įʌȩ ĲȘȞ ĮțȩȜȠȣșȘ 
ıȤȑıȘ: 
                                                                   xaa 21 � )                                                                     [4.4] 
 
Ș ȠʌȠȓĮ ȠȡȓȗİȚ ĲȠȞ țĮĲĮȝİȡȚıȝȩ ĲȦȞ ĮȖȞȫıĲȦȞ ȝİĲĮȕȜȘĲȫȞ ıĲȠ ȝȠȞȠįȚȐıĲĮĲȠ ıĲȠȚȤİȓȠ ȝȒțȠȣȢ 
L (ȕȜ. ıȤ. 4.7 & 4.8). ȉȠ ıĲȠȚȤİȓȠ ȑȤİȚ įȣȠ țȩȝȕȠȣȢ  i țĮȚ  j ʌȠȣ ȕȡȓıțȠȞĲĮȚ ıİ ĮʌȠıĲȐıİȚȢ xi țĮȚ 
xj ĮȞĲȓıĲȠȚȤĮ, Įʌȩ ĲȘȞ ĮȡȤȒ ĲȦȞ ıȣȞĲİĲĮȖȝȑȞȦȞ. ǹȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȘȞ ĲȚȝȒ ĲȠȣ ĭ ıİ țȐșİ țȩȝ-
ȕȠ ıĲȘȞ İȟȓıȦıȘ [4.1] ȣʌȠȜȠȖȓȗİĲĮȚ ȩĲȚ : 
 

                                                
L

xx
xx

xx
a ijji

ij

ijji )�)
 

�

)�)
 1                                                [4.5] 

                                                       
Lxx

a ij

ij

ij )�)
 

�

)�)
 2                                                         [4.6] 

 
ǹȞĲȚțĮșȚıĲȫȞĲĮȢ ĲȚȢ [4.5] țĮȚ [4.6] ıĲȘȞ İȟȓıȦıȘ [4.4] ʌȡȠțȪʌĲİȚ Ș İȟȓıȦıȘ : 
 

                                                  x
LL

xx ijijji )�)
�

)�)
 )                                                   [4.7] 

 
Ș ȠʌȠȓĮ, įȚĮȤȦȡȓȗȠȞĲĮȢ ĲȠȣȢ ȩȡȠȣȢ ĭi țĮȚ ĭj ,  įȓȞİȚ ĲȘȞ İȟȓıȦıȘ : 
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                                                     j
i

i
j

L
xx

L
xx

)
�

�)
�

 )                                                   [4.8(Į)] 

                                                 i
e

i
ijjii NN 1) )�) ) ¦

 

2

1
                                                [4.8(ȕ)] 

țĮȚ ıİ ȖİȞȚțȒ ȝȠȡĳȒ : 

                                                    ¦
 

1) )
n

i

e
ii

1
                                                        [4.9] 

 
 
ȩʌȠȣ ȠȚ Ni țĮȚ Nj İȓȞĮȚ ȤĮȡĮțĲȘȡȚıĲȚțȑȢ ıȣȞĮȡĲȒıİȚȢ ʌĮȡİȝȕȠȜȒȢ ĲȦȞ țȩȝȕȦȞ i țĮȚ j 
ĮȞĲȓıĲȠȚȤĮ, ȠȡȚıȝȑȞİȢ ıĲȘȞ ʌİȡȚȠȤȒ ĲȠȣ ıĲȠȚȤİȓȠȣ, țĮȚ ȠȞȠȝȐȗȠȞĲĮȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡ-
ĳȒȢ (shape functions). ȋȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȦȢ ıȣȞĲİȜİıĲȑȢ ȕȐȡȠȣȢ ȖȚĮ ĲȠȣȢ ĮȞĲȓıĲȠȚ-
ȤȠȣȢ țȩȝȕȠȣȢ țĮȚ ȖȚĮ ĲȠȣȢ ȠʌȠȓȠȣȢ ȚıȤȪȠȣȞ. ȅȚ ıȣȞĮȡĲȒıİȚȢ Ni țĮȚ Nj ȝʌȠȡȠȪȞ İʌȓıȘȢ 
ȞĮ İțĳȡĮıĲȠȪȞ ıİ ĲȠʌȚțȑȢ țĮȚ ĮįȚĮıĲĮıȠʌȠȚȘȝȑȞİȢ ıȣȞĲİĲĮȖȝȑȞİȢ. ȅ ĮȡȚșȝȩȢ ĲȦȞ 
țȩȝȕȦȞ, țĮȚ țĮĲ’İʌȑțĲĮıȘ ĲȦȞ ĮȞĲȓıĲȠȚȤȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ n, ȠȡȓȗİĲĮȚ ȦȢ 
«ĮȡȚșȝȩȢ ȖİȦȝİĲȡȚțȫȞ ȕĮșȝȫȞ İȜİȣșİȡȓĮȢ» ĲȠȣ ıĲȠȚȤİȓȠȣ țĮȚ țĮșȠȡȓȗİȚ ĲȘȞ ĲȐȟȘ ĲȠȣ 
ıĲȠȚȤİȓȠȣ. 
 
 
ǹȞȐȜȣıȘ ȝİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ıİ ʌȡȠȕȜȒȝĮĲĮ įȣȠ įȚĮıĲȐıİȦȞ 
 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȠȣ įȚıįȚȐıĲĮĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, ĲȠ țȐșİ ıĲȠȚȤİȓȠ ʌİȡȚȜĮȝȕȐȞİȚ ĲȡİȚȢ 
Ȓ ĲȑııİȡȚȢ țȩȝȕȠȣȢ (ȕȜ. ıȤ. 4.9).  
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ȈȤȒȝĮ 4.9 : ȉȡȚȖȦȞȚțȩ ĲȡȚțȠȝȕȚțȩ ıĲȠȚȤİȓȠ ıİ įȚıįȚȐıĲĮĲȠ ʌİįȓȠ İʌȓȜȣıȘȢ  
 
Ǿ ıȣȞȐȡĲȘıȘ ʌĮȡİȝȕȠȜȒȢ İȞȠȢ ıĲȠȚȤİȚȠȣ ʌȠȣ ʌİȡȚȜĮȝȕȐȞİȚ ĲȡİȚȢ țȩȝȕȠȣȢ  İțĳȡȐȗİ-
ĲĮȚ Įʌȩ ĲȘȞ ĮțȩȜȠȣșȘ ıȤȑıȘ  : 

 
                                            ycxccyx 321),( �� )                                                [4.10] 

 
ǱȞ ĭi , ĭj , ĭk İȓȞĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ĭ ıĲȠȣȢ țȩȝȕȠȣȢ 1, 2, 3 ĲȠȣ ıĲȠȚȤİȓȠȣ ĮȞĲȓıĲȠȚȤĮ, 
șĮ ȑȤȠȣȝİ İȞĮ ıȣıĲȘȝĮ ȖȡĮȝȝȚțȫȞ ıȣȞĮȡĲȒıİȦȞ : 
 

                                       

kkkkk

jjjjj

iiiii

ycxccyx
ycxccyx

ycxccyx

321

321

321

),(
),(

),(

�� ) )

�� ) )
�� ) )

                                     [4.11] 
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țĮȚ ıİ ȝȘĲȡȦȚțȒ ȝȠȡĳȒ : 
 

                                            
°
¿

°
¾

½

°
¯

°
®

­

»
»
»

¼

º

«
«
«

¬

ª
 

°
¿

°
¾

½

°
¯

°
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­

)
)
)

3

2

1

1
1
1

c
c
c

yx
yx
yx

kk

jj

ii

k

j

i

                                           [4.12]           

 
İȞȫ, ȠȚ ĲȚȝȑȢ ĲȦȞ ȩȡȦȞ Į1 , Į2 țĮȚ Į3 șĮ İȓȞĮȚ : 

 

                                           

e
kkjjii

e
kkjjii

e
kkjjii

A
ccc

c

A
bbb

c

A
aaa

c

2
)(

2
)(

2
)(

3

2

1

)�)�)
 

)�)�)
 

)�)�)
 

                                           [4.13] 

 
ȩʌȠȣ ǹe İȓȞĮȚ ĲȠ İȝȕįĮįȩȞ ĲȠȣ ĲȡȚȖȫȞȠȣ, ʌȡȠțȪʌĲȠȞ Įʌȩ ĲȘȞ İȟȓıȦıȘ : 
 

               )(
2
1

1
1
1

2
1

ikijkiikkjji

kk

jj

ii
e yxyxyxyxyxyx

yx
yx
yx

A ����� 
»
»
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¼

º
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«
«

¬

ª
             [4.14] 

țĮȚ : 

                    

ijjik

kiikj

jkkji

yxyxa
yxyxa
yxyxa

� 

� 

� 

              

jik

ikj

kji

yyb
yyb
yyb

� 

� 

� 

                

ijk

kij

jki

xxc
xxc
xxc

� 

� 

� 

            [4.15] 

 
ȝİ ȕȐıȘ ĲȚȢ İȟȚıȫıİȚȢ [4.10] țĮȚ [4.13] Ș ıȣȞȐȡĲȘıȘ ʌĮȡİȝȕȠȜȒȢ ȝȠȡĳȠʌȠȚİȓĲĮȚ ȦȢ 
İȟȒȢ : 
 

                                          i
e

i
ikkjjii 1) )1�)1�)1 ) ¦

 

3

1
                                         [4.16] 

ȩʌȠȣ : 

              

e
kkk

k

e
jjj

j

e
iii

i

A
ycxbaN

A
ycxba

N

A
ycxbaN

2
)(

2
)(

2
)(
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��
 

��
 

      ĺ    )(
2

1 ycxba
A

N iiie
e
i ��  ,    3,2,1 i      [4.17]           

 
ȈȣȞȠȥȓȗȠȞĲĮȢ, ȠȚ ıȣȞĮȡĲȒıİȚȢ ʌĮȡİȝȕȠȜȒȢ İȞȠȢ įȚıįȚȐıĲĮĲȠȣ ıĲȠȚȤİȓȠȣ İȓȞĮȚ ĲȘȢ Ȗİ-
ȞȚțȒȢ ȝȠȡĳȒȢ : 

                                                       ¦
 

1) )
n

i

e
ii

1
                                                   [4.18]           
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ȩʌȠȣ ĭi İȓȞĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ıȣȞȐȡĲȘıȘȢ ıĲȠ ıȘȝİȓȠ (xi , yi) țĮȚ ȃi ȠȚ ıȣȞĮȡĲȒıİȚȢ 
ȝȠȡĳȒȢ ʌȠȣ ȚțĮȞȠʌȠȚȠȪȞ ĲȘȞ İȟȒȢ ıȤȑıȘ : 
 
                                                      ijjji yx G 1 ),(                                                   [4.19]          
 
 
ǹȞȐȜȣıȘ ȝİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ıİ ʌȡȠȕȜȒȝĮĲĮ ĲȡȚȦȞ įȚĮıĲȐıİȦȞ 
 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ ʌȡȠȕȜȒȝĮĲȠȢ ʌİįȓȠȣ ȝİ ĲȡİȚȢ įȚĮıĲȐıİȚȢ, ĲȠ țȐșİ ıĲȠȚȤİȓȠ ʌİȡȚȜĮȝ-
ȕȐȞİȚ ĲȑııİȡȚȢ, ȑȟȚ Ȓ ȠțĲȫ țȩȝȕȠȣȢ. Ǿ ıȣȞȐȡĲȘıȘ ʌĮȡİȝȕȠȜȒȢ İȞȠȢ ıĲȠȚȤİȚȠȣ ʌȠȣ 
ʌİȡȚȜĮȝȕȐȞİȚ ĲȑııİȡȚȢ țȩȝȕȠȣȢ (ȕȜ. ıȤ. 4.10) İțĳȡȐȗİĲĮȚ Įʌȩ ĲȘȞ ĮțȩȜȠȣșȘ ıȤȑıȘ  : 
 
                                              zayx 4321 ��� ) DDD                                           [4.20] 
 
Ș ȠʌȠȓĮ ȝʌȠȡİȓ ȞĮ İțĳȡĮıĲİȓ ȝİ ĲȠȣȢ ȩȡȠȣȢ ĲȦȞ țȠȝȕȚțȫȞ ĲȚȝȫȞ ĲȘȢ ĭ țĮȚ ĲȚȢ țȠȝȕȚ-
țȑȢ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ ȦȢ İȟȒȢ  : 
 
                                        }]{[ ) )�)�)�) ) NNNNN llkkjjii                                [4.21] 
 
İȞȫ, ȠȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȘȞ ȖİȞȚțȒ İȟȓıȦıȘ : 
 

                                 
V

zdycxbaN nnnn
n 6

)( ���
    ,  lkjin ,,,                            [4.22] 

 
ȩʌȠȣ V İȓȞĮȚ Ƞ ȩȖțȠȢ ĲȠȣ ĲİĲȡĮİįȡȚțȠȪ ıĲȠȚȤİȓȠȣ. 

 
 

 
 

 
 

ȈȤȒȝĮ. 4.10 ȉİĲȡĮțȠȝȕȚțȩ ıĲȠȚȤİȓȠ ĲȡȚȦȞ įȚĮıĲȐıİȦȞ 
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ȅȚ ȩȡȠȚ a, b, c țĮȚ d İȓȞĮȚ ȠȚ ıȣȞĮȡĲȒıİȚȢ ĲȦȞ țȠȝȕȚțȫȞ ıȣȞĲİĲĮȖȝȑȞȦȞ țĮȚ ȑȤȠȣȞ ĲȘȞ 
ȖİȞȚțȒ ȝȠȡĳȒ : 
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kkk

jjj
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a           
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kk

jj
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1
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1

          
1
1
1
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jj

i

yx
yx
yx

d                                  

[4.23] 
 

ǼʌȠȝȑȞȦȢ İʌȚȕİȕĮȚȫȞİĲĮȚ ȩĲȚ ȠȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ țĮĲĮıțİȣȐȗȠȞĲĮȚ ȫıĲİ ȞĮ Ƞȡȓ-
ȗȠȣȞ ĲȘȞ ȝİĲĮȕȠȜȒ ĲȦȞ įȚĮĳȩȡȦȞ ʌĮȡĮȝȑĲȡȦȞ ıĲȘȞ ȖİȦȝİĲȡȓĮ țȐșİ ıĲȠȚȤİȓȠȣ. ȅ 
ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ȝİ įȣȠ ĲȡȩʌȠȣȢ: 
 
x İȝʌİȚȡȚțȐ (ȝİ İʌȚıțȩʌȚıȘ, ȝİ įȠțȚȝȒ țĮȚ ȜȐșȠȢ țȜʌ) 
x ȝİ İʌȓȜȣıȘ ĮȡȚșȝȘĲȚțȫȞ ıȣıĲȘȝȐĲȦȞ ĲȦȞ ȝȠȡĳȫȞ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȚȢ ıȤȑıİȚȢ 

ʌȠȣ ʌİȡȚȖȡȐĳȘțĮȞ ʌĮȡĮʌȐȞȦ. 
 
 
ĭȩȡĲȚıȘ ĲȦȞ ȣȜȚțȫȞ, ĮȡȤȚțȑȢ țĮȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ 
 
ȂİĲȐ ĲȘȞ įȚĮȓȡİıȘ ĲȠȣ ȤȦȡȓȠȣ ıİ ȣʌȠʌİįȓĮ țĮȚ ĲȘȞ įȘȝȚȠȣȡȖȓĮ ĲȦȞ țĮĲĮıĲĮĲȚțȫȞ İ-
ȟȚıȫıİȦȞ ʌȠȣ ĲĮ įȚȑʌȠȣȞ, ʌȡȠıĮȡĲȫȞĲĮȚ ıĲȠ ȝȠȞĲȑȜȠ ʌȠȣ ȑȤİȚ țĮĲĮıțİȣĮıĲİȓ ȠȚ Įȡ-
ȤȚțȑȢ țĮȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ (boundary conditions). Ǿ İȚıĮȖȦȖȒ ĲȦȞ ĮȡȤȚțȫȞ țĮȚ 
ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ İȓȞĮȚ ĮʌĮȡĮȓĲȘĲȘ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ʌİįȓȠȣ. 
 
Ȉİ ȑȞĮ ʌȡȩȕȜȘȝĮ İʌȓȜȣıȘȢ ʌİįȓȠȣ ȡȠȒȢ ĮʌĮȚĲȠȪȞĲĮȚ ĲȩıȠ ȠȚ ĲȚȝȑȢ ĲȘȢ ıȣȞȐȡĲȘıȘȢ ĭ 
ıİ ȩȜȠ ĲȠ ʌİįȓȠ ȖȚĮ ȤȡȩȞȠ t=0 (ĮȡȤȚțȒ ıȣȞșȒțȘ), ȩıȠ țĮȚ ȠȚ ıȣȞĮȡĲȒıİȚȢ ʌȠȣ įȓȞȠȣȞ 
ĲȚȢ ĲȚȝȑȢ ĮȣĲȒȢ Ȓ ĲȘȢ țĮșİĲȘȢ ȕĮșȝȓįĮȢ ĲȘȢ ıĲȠȣȢ ıȣȞȠȡȚĮțȠȪȢ țȩȝȕȠȣȢ ĲȠȣ ʌİįȓȠȣ 
ȖȚĮ țȐșİ ȤȡȠȞȚțȒ ıĲȚȖȝȒ t (ıȣȞȠȡȚȐțİȢ ıȣȞșȒțİȢ). Ȉİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ ȩʌȠȣ ĮʌĮȚ-
ĲȠȪȞĲĮȚ ĮȡȤȚțȑȢ țĮȚ ıȣȞȠȡȓĮțİȢ ıȣȞșȒțİȢ, ĲȠ ʌȡȠȕȜȒȝĮ ȤĮȡĮțĲȘȡȓȗİĲĮȚ ȦȢ ʌȡȩȕȜȘ-
ȝĮ ĮȡȤȚțȫȞ-ıȣȞȠȡȚĮțȫȞ ĲȚȝȫȞ.  
 
ǹȞĲȓșİĲĮ, ĮȞ Ƞ ȤȡȩȞȠȢ įİȞ İʌȘȡİȐȗİȚ ĲȘȞ ȜȪıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ (įȘȜĮįȒ įİȞ ȣʌĮȡȤİȚ 
ȤȡȠȞȠİȟĮȡĲȫȝİȞȠȢ ȩȡȠȢ ıĲȘ įȚĮĳȠȡȚțȒ İȟȓıȦıȘ), ĲȩĲİ ĮʌĮȚĲȠȪȞĲĮȚ ȝȩȞȠ ıȣȞȠȡȚȐțİȢ 
ıȣȞșȒțİȢ țĮȚ ĲȠ ʌȡȩȕȜȘȝĮ İȓȞĮȚ ıȣȞȠȡȚĮțȫȞ ĲȚȝȫȞ. 
 
ȈțȠʌȩȢ ĲȘȢ İĳĮȡȝȠȖȒȢ ĲȦȞ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ İȓȞĮȚ țĮĲ’ĮȡȤȒȞ ȞĮ ĮʌȠįȫșȠȪȞ 
įȣȞȐȝİȚȢ țĮȚ ĲȐıİȚȢ ıĲȠ ȝȠȞĲȑȜȠ ʌȠȣ ȑȤİȚ țĮĲĮıțİȣĮıĲİȓ, țĮȚ țĮĲȐ įİȪĲİȡȠȞ ȞĮ 
İʌȚȕȜȘșȠȪȞ ʌİȡȚȠȡȚıĲȚțȑȢ įȣȞȐȝİȚȢ, ȫıĲİ ȞĮ țȡĮĲȘșİȓ ĲȠ ȝȠȞĲȑȜȠ ıİ ȚıȠȡȡȠʌȓĮ. Ǿ 
İĳĮȡȝȠȖȒ ĮȣĲȫȞ įȚĮĳȑȡİȚ Įʌȩ ȝȠȞĲȑȜȠ ıİ ȝȠȞĲȑȜȠ ĮȞȐȜȠȖĮ ȝİ ĲȘȞ ȖİȦȝİĲȡȓĮ, ĲȠȞ 
ĲȡȩʌȠ ĳȩȡĲȚıȘȢ țĮȚ ĲȠ İʌȚșȣȝȘĲȩ ĮʌȠĲȑȜİıȝĮ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. ȈĲȠ ıȤȒȝĮ  4.11 
ĳĮȓȞȠȞĲĮȚ ȠȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ʌȠȣ İʌȚȕȐȜȠȞĲĮȚ ıİ İȞĮ ȝȠȞĲȑȜȠ ıȒȡĮȖȖĮȢ įȣȠ 
įȚĮıĲȐıİȦȞ ȝİ ĲİĲȡĮȖȦȞȚțȩ ȐȞȠȚȖȝĮ, ȩʌȠȣ, ȝİ țĮĲȐȜȜȘȜȘ ȤȡȒıȘ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘ-
țȫȞ, ȝʌȠȡİȓ ȞĮ ĮȟȚȠʌȠȚȘșİȓ Ș ıȣȝȝİĲȡȓĮ ȠȡșȠȖȦȞȚțȠȪ ȝȠȞĲȑȜȠȣ.  
 
Ǿ ĮȟȚȠʌȠȓȘıȘ ĲȘȢ ıȣȝȝİĲȡȓĮȢ țĮșȓıĲĮĲĮȚ ıȘȝĮȞĲȚțȒ įȚȩĲȚ įȪȞĮĲĮȚ ȞĮ Ȝȣșİȓ ĲȠ ȝȚıȩ 
ʌȡȩȕȜȘȝĮ, ĮȞĲȓ ȩȜȠȣ, ȝİ İʌĮțȩȜȠȣșȘ ĲȘȞ ȝİȓȦıȘ țĮĲȐ ĲȠ ȒȝȚıȣ ĲȦȞ ʌȡȐȟİȦȞ țĮȚ ĲȠȣ  
ȤȡȩȞȠȣ İʌȓȜȣıȘȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. 
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ȈȤȒȝĮ 4.11  ǼʌȚȕȠȜȒ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ ıİ ȝȠȞĲȑȜȠ ıȒȡĮȖȖĮȢ  

țĮȚ ĮȟȚȠʌȠȓȘıȘ ĲȘȢ ıȣȝȝİĲȡȓĮȢ ȦȢ ʌȡȠȢ ĲȠȞ ȐȟȠȞĮ ĲȦȞ y. 
 
 
Ǿ ĳȩȡĲȚıȘ ĲȠȣ įȚĮȚȡİȝȑȞȠȣ ʌİįȓȠȣ, ʌȠȣ ĮȞĲȚʌȡȠıȦʌİȪİȚ ĲȠ ȣȜȚțȩ, įȪȞĮĲĮȚ ȞĮ İʌȚ-
ĲİȣȤșİȓ ȝİ ȑȞĮȞ Ȓ ʌİȡȚııȩĲİȡȠȣȢ Įʌȩ ĲȠȣȢ ĮțȩȜȠȣșȠȣȢ ĲȡȩʌȠȣȢ[19] : 
 
x İʌȚȕȠȜȒ įȣȞȐȝİȦȞ ʌİįȓȠȣ ıĲȘȞ ȝȐȗĮ ĲȠȣ ıĲȠȚȤİȓȠȣ (ʌȤ. ȕĮȡȣĲȚțȑȢ įȣȞȐȝİȚȢ, body 

forces). 
x İʌȚȕȠȜȒ ıȘȝİȚĮțȫȞ įȣȞȐȝİȦȞ ıĲȠȣȢ țȩȝȕȠȣȢ ĲȠȣ ıĲȠȚȤİȓȠȣ (țȠȝȕȚțȑȢ įȣȞȐȝİȚȢ, 

nodal forces). 
x İʌȚȕȠȜȒ țĮĲĮȞİȝȘȝȑȞȦȞ įȣȞȐȝİȦȞ ıĲȚȢ ʌȜİȣȡȑȢ ĲȠȣ ıĲȠȚȤİȓȠȣ (İʌȚĳĮȞİȚĮțȑȢ įȣ-
ȞȐȝİȚȢ, traction forces). 

x İʌȚȕȠȜȒ ȝİĲĮĲȠʌȓıİȦȞ ıĲȠȣȢ țȩȝȕȠȣȢ ĲȠȣ ıĲȠȚȤİȓȠȣ. 
 
ȅȚ ȕĮȡȣĲȚțȑȢ įȣȞȐȝİȚȢ İĳĮȡȝȩȗȠȞĲĮȚ ıİ ʌİȡȚʌĲȫıİȚȢ ȕȡĮȤȠȝȐȗĮȢ, ȣʌȩȖİȚȦȞ ĮȞȠȚȖȝȐ-
ĲȦȞ țĮȚ ȜȠȚʌȫȞ ʌȡȠȕȜȘȝȐĲȦȞ ȖİȦȝȘȤĮȞȚțȒȢ. ǹʌȩ ĲȘȞ ȐȜȜȘ, ȠȚ țȠȝȕȚțȑȢ įȣȞȐȝİȚȢ 
İĳĮȡȝȩȗȠȞĲĮȚ ıİ ȝȠȞĲȑȜĮ ȣȜȚțȫȞ ȩʌȠȣ Ș ĳȩȡĲȚıȘ İȓȞĮȚ ıȘȝİȚĮțȒ. ȅȚ įȣȞȐȝİȚȢ İʌȚĳȐ-
ȞİȚĮȢ ȑȤȠȣȞ İĳĮȡȝȠȖȒ ıİ įȠțȓȝȚĮ ȣȜȚțȫȞ Ȓ ȩʌȠȣ ĮȜȜȠȪ įİȞ ʌȠȡȠȪȞ ȞĮ İĳĮȡȝȠıĲȠȪȞ 
ȠȚ ʌȡȠĮȞĮĳİȡșȑȞĲİȢ ĲȡȩʌȠȚ ĳȩȡĲȚıȘȢ.  
 
Ǿ İʌȚȕȠȜȒ ȝİĲĮĲȠʌȓıİȦȞ ıĲȠȣȢ ıȣȞȠȡȚĮțȠȪȢ țȩȝȕȠȣȢ İĳĮȡȝȩȗİĲĮȚ ȩĲĮȞ ȑȤȠȣȝİ İȞ-
įİįİȚȖȝȑȞȘ ıȣȝȝİĲȡȓĮ ıĲȠ ȝȠȞĲȑȜȠ (ȕȜȑʌİ ıȤȒȝĮ 4.11), ȩʌȠȣ țĮĲȐ ĲȘȞ ʌİȡȓʌĲȦıȘ 
ĮȣĲȒ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ İȓȞĮȚ ȝȘįİȞȚțȑȢ ıĲȘȞ įȚȐıĲĮıȘ ʌȠȣ İȓȞĮȚ țȐșİĲȘ ıĲȠ ıȪȞȠȡȠ. 
ǼĳȩıȠȞ įȘȜĮįȒ ȑȤȠȣȝİ ıȣȝȝİĲȡȓĮ ĲȠȣ ȝȠȞĲȑȜȠȣ ȦȢ ʌȡȠȢ ĲȠȞ ȐȟȠȞĮ y, ĲȩĲİ, İʌȐȞȦ 
ıĲȠ ıȪȞȠȡȠ Ș ȝİĲĮĲȩʌȚıȘ ȦȢ ʌȡȠȢ ĲȘȞ įȚȐıĲĮıȘ x șĮ İȓȞĮȚ ȝȘįİȞȚțȒ (dx=0) țĮȚ 
ĮȞĲȚıĲȡȩĳȦȢ. Ǿ ĮȟȚȠʌȠȓȘıȘ ĲȘȢ ıȣȝȝİĲȡȓĮȢ, ȩʌȦȢ ʌȡȠĮȞİĳȑȡșȘ, țĮȚ Ș țĮĲȐȜȜȘȜȘ 
ȤȡȒıȘ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ, įȪȞĮĲĮȚ ȞĮ ȝİȚȫıİȚ ıİ ıȘȝĮȞĲȚțȩ ȕĮșȝȩ ĲȠȞ ĮȡȚșȝȩ 
ĲȦȞ ıĲȠȚȤİȓȦȞ, țĮĲȐ ıȣȞȑʌİȚĮ țĮȚ ĲȦȞ țȩȝȕȦȞ ıĲȠ ȤȦȡȓȠ, ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ȝİȚȦșİȓ 
ĮȚıșȘĲȐ țĮȚ Ƞ ȤȡȩȞȠȢ İʌȓȜȣıȘȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. ǼʌȓıȘȢ Ș İʌȚȕȠȜȒ ȝȘįİȞțȫȞ 
ȝİĲĮĲȠʌȓıİȦȞ ıĲĮ ıȪȞȠȡĮ ĲȠȣ ȤȦȡȓȠȣ ȑȤİȚ İĳĮȡȝȠȖȒ țĮȚ ıĲȘȞ ʌİȡȓʌĲȦıȘ țĮĲȐ ĲȘȞ 
ȠʌȠȓĮ ĲȠ ȝȠȞĲȑȜȠ İțĲİȓȞİĲĮȚ ʌȡȩȢ ĲȠ ȐʌİȚȡȠ. īȚĮ ʌĮȡȐįİȚȖȝĮ, ıİ ȑȞĮ ȣʌȩȖİȚȠ ȐȞȠȚȖȝĮ 



ȆĮȡȐȡĲȘȝĮ ǿǿ 179

ȩʌȠȣ ȠȚ įȚĮıĲȐıİȚȢ ĲȠȣ ȝȠȞĲȑȜȠȣ ȦȢ ʌȡȠȢ ĲȠȞ ȐȟȠȞĮ  x İțĲİȓȞȠȞĲĮȚ ıĲȠ ȐʌİȚȡȠ, 
ʌȡȠțİȓȝİȞȠȣ ȞĮ ȝȘȞ įȘȝȚȠȣȡȖȘșİȓ ȑȞĮ ȝȠȞĲȑȜȠ ȐʌİȚȡȦȞ įȚĮıĲȐıİȦȞ, ĲȠ ȠʌȠȓȠ įİȞ șĮ 
ȑȤİȚ įȣȞĮĲȩĲȘĲĮ ȜȪıȘȢ, İĳĮȡȝȩȗȠȞĲĮȚ ȝȘįİȞȚțȑȢ ȝİĲĮĲȠʌȓıİȚȢ ȦȢ ʌȡȠȢ ĲȠȞ ȐȟȠȞĮ y, 
ȩʌȦȢ țĮȚ ʌȡȠȘȖȠȣȝȑȞȦȢ, ıİ ȝȚĮ ĮʌȩıĲĮıȘ Įʌȩ ĲȠ ȐȞȠȚȖȝĮ ĮȡțİĲȐ ȝİȖȐȜȘ, ıİ ıȤȑıȘ 
ȝİ ĲȚȢ įȚĮıĲȐıİȚȢ ĲȠȣ ȓįȚȠȣ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ. ǹʌȠĲȑȜİıȝĮ ĮȣĲȒȢ ĲȘȢ ȚįȚȩĲȘĲĮȢ ĲȦȞ 
ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ, İȓȞĮȚ ȞĮ ȝİȚȦșİȓ țĮȚ ıİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ Ƞ ȤȡȩȞȠȢ 
İʌȓȜȣıȘȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. 
 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ ĳȠȡĲȚıĲİȓ İȞĮ ıȫȝĮ țĮȚ ȩȜȠȚ ĲȠȣ ȠȚ țȩȝȕȠȚ İȓȞĮȚ 
İȜİȪșİȡȠȚ ȞĮ țȚȞȘșȠȪȞ, ĲȩĲİ įİȞ ȣĳȓıĲĮĲĮȚ ʌĮȡĮȝȩȡĳȦıȘ, ĮȜȜȐ ĮʌȜȒ ȝİĲĮțȓȞȘıȘ (Ȓ 
ıĲȡȠĳȒ). Ȉİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ įİȞ İȓȞĮȚ įȣȞĮĲȒ Ș İʌȓȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, įȚȠĲȚ 
ĲȠ ĳĮȚȞȩȝİȞȠ įİȞ ȣʌĮțȠȪİȚ ıĲȘȞ ȓįȚĮ țĮĲĮıĲĮĲȚțȒ İȟȓıȦıȘ[19]. 
 
 
 
ȉȪʌȠȚ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ 
 
ǻİįȠȝȑȞȦȞ ĲȦȞ ʌȡȠĮȞĮĳİȡșȑȞĲȦȞ, ȣʌȐȡȤȠȣȞ ĲȡİȚȢ ĲȪʌȠȚ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ[19] : 
  
x ȆȡȠıįȚȠȡȚıȝȩȢ ĲȘȢ ȗȘĲȠȪȝİȞȘȢ ʌĮȡĮȝȑĲȡȠȣ (ȝİĲĮĲȩʌȚıȘȢ). ȅȚ ıȣȞșȒțİȢ ĮȣĲȑȢ 
ȠȞȠȝȐȗȠȞĲĮȚ ȖİȦȝİĲȡȚțȑȢ (geometric or forced boundary conditions) țĮȚ İȓȞĮȚ 
ȖȞȦıĲȑȢ ȫȢ ıȣȞșȒțİȢ Dirichlet. 

x ȆȡȠıįȚȠȡȚıȝȩȢ ĲȘȢ ȝİĲĮȕȠȜȒȢ ĲȘȢ ȗȘĲȠȪȝİȞȘȢ ʌĮȡĮȝȑĲȡȠȣ (ʌĮȡȐȖȦȖȠȢ ĲȘȢ ȝİĲĮ-
ĲȩʌȚıȘȢ). ȅȚ ıȣȞșȒțİȢ ĮȣĲȑȢ ȠȞȠȝȐȗȠȞĲĮȚ ĳȣıȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ (slope or 
gradient, natural boundary conditions) țĮȚ İȓȞĮȚ ȖȞȦıĲȑȢ ȫȢ ıȣȞșȒțİȢ Neumann. 

x ȆȡȠıįȚȠȡȚıȝȩȢ țĮȚ ĲȦȞ įȣȠ ʌĮȡĮʌȐȞȦ ʌĮȡĮȝȑĲȡȦȞ Ȓ ȝȚțĲȑȢ ıȣȞșȒțİȢ. 
 
4.10.1 ȈȣȞșȒțİȢ Dirichlet  
 
ȅȚ ıȣȞșȒțİȢ Dirichlet (essential boundary conditions) ʌȡȠįȚĮȖȡȐĳȠȣȞ ȐȝİıĮ ĲȘȞ ıȣ-
ȞȐȡĲȘıȘ ĭ ıĲȠȣȢ ıȣȞȠȡȚĮțȠȪȢ țȩȝȕȠȣȢ ȠȡȓȗȠȞĲĮȢ ĲȘȞ ĲȚȝȒ ĲȘȢ ȜȪıȘȢ ıİ ĮȣĲȠȪȢ. 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ, ĲȠ ʌȡȩȕȜȘȝĮ įȚȑʌİĲĮȚ Įʌȩ ʌĮȡĮȝȑĲȡȠȣȢ 
İȜĮıĲȚțȩĲȘĲĮȢ, ȠȚ ȖİȦȝİĲȡȚțȑȢ ıȣȞșȒțİȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ İȟȒȢ İțĳȡȐıİȚȢ ȝȠȡĳȒȢ[19] : 
 

                                                          
0

0

X 
 

y

x

u
uu

                                                          [4.24] 

 
ȩʌȠȣ ux țĮȚ uy İȓȞĮȚ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ ıĲȠȣȢ țȩȝȕȠȣȢ, İȞȫ u0 țĮȚ ȣ0 İȓȞĮȚ ȠȚ ĮȞĲȓıĲȠȚȤİȢ 
ıȣȞȚıĲȫıİȢ ʌȡȠțĮșȠȡȚıȝȑȞȦȞ ȝİĲĮĲȠʌȓıİȦȞ ʌȠȣ İʌȚȕȐȜȜȠȞĲĮȚ ıĲȠȞ țȩȝȕȠ. 
 
4.10.2 ȈȣȞșȒțİȢ Neumann  
ȅȚ ıȣȞșȒțİȢ Neumann (natural boundary conditions) ʌȡȠįȚĮȖȡȐĳȠȣȞ ĲȘȞ țȐșİĲȘ 
ȕĮșȝȓįĮ ĲȘȢ ĭ ıĲȠȣȢ ıȣȞȠȡȚĮțȠȪȢ țȩȝȕȠȣȢ ȠȡȓȗȠȞĲĮȢ ĲȘȞ ĲȚȝȒ ĲȦȞ ȤȦȡȚțȫȞ ʌĮȡĮ-
ȖȫȖȦȞ ĲȘȢ ȜȪıȘȢ ıĲȠȣȢ țȩȝȕȠȣȢ ĮȣĲȠȪȢ. ǲĲıȚ, ȩʌȠȣ İȝĳĮȞȓȗİĲĮȚ Ș ʌĮȡȐȖȦȖȠȢ ĲȘȢ 
ȜȪıȘȢ ıİ ʌİȡȚȠȤȒ ĲȠȣ ıȣȞȩȡȠȣ, ĮȞĲȚțĮșȓıĲĮĲĮȚ Ș ĲȚȝȒ ĲȘȢ ȩʌȦȢ ĮȣĲȒ ȠȡȓȗİĲĮȚ ıĲȘȞ 
ıȣȞșȒțȘ Neumann. 
 
ǹȞĲȓıĲȠȚȤĮ ȝİ ĲȚȢ ȖİȦȝİĲȡȚțȑȢ ıȣȞșȒțİȢ, ıİ ʌȡȠȕȜȒȝĮĲĮ İȜĮıĲȚțȩĲȘĲĮȢ, ȠȚ ĳȣıȚțȑȢ 
ıȣȞșȒțİȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ İțĳȡȐıİȚȢ ȝȠȡĳȒȢ: 
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ff
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x

 
 

                                                         [4.25] 

 
ȩʌȠȣ fx țĮȚ  fy İȓȞĮȚ ȠȚ țȠȝȕȚțȑȢ įȣȞȐȝİȚȢ, İȞȫ  f0 țĮȚ w0 İȓȞĮȚ ȠȚ ĮȞĲȓıĲȠȚȤİȢ 
ʌȡȠțĮșȠ-ȡȚıȝȑȞİȢ ıȣȞȚıĲȫıİȢ įȣȞȐȝİȦȞ ʌȠȣ İʌȚȕȐȜȜȠȞĲĮȚ ıĲȠȞ țȩȝȕȠ. 
 
īİȞȚțȐ, ȠȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ʌȡȑʌİȚ ȞĮ ȚțĮȞȠʌȠȚȠȪȞ ȝȚĮ ȖİȞȚțȒ ıȣȞșȒțȘ ıȣȞȑ-
ȤİȚĮȢ ĲȠȣ ʌİįȓȠȣ İʌȓȜȣıȘȢ, Ș ȠʌȠȓĮ, ȖȚĮ ĲȠȣȢ ıȣȞȠȡȚĮțȠȪȢ țȩȝȕȠȣȢ, įȚĮĲȣʌȫȞİĲĮȚ ȦȢ 
İȟȒȢ: 
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         [4.26] 

 
ȩʌȠȣ p țĮȚ q İȓȞĮȚ İȚįȚțȑȢ ȤȡȠȞȠİȟĮȡĲȫȝİȞİȢ ʌĮȡȐȝİĲȡȠȚ ıȣȞȠȡȚĮțȫȞ ĲȚȝȫȞ țĮȚ ĮȞȐ-
ȜȠȖĮ ĲȚȢ ĲȚȝȑȢ ʌȠȣ ȜĮȝȕȐȞȠȣȞ, țĮșȠȡȓȗȠȣȞ ĲȠ İȓįȠȢ ĲȦȞ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ ĲȠȣ 
ʌȡȠȕȜȒȝĮĲȠȢ. 
 
ǵĲĮȞ Ș ʌĮȡȐȝİĲȡȠȢ q ȜĮȝȕȐȞİȚ ĲȚȝȒ ȝȘįȑȞ ĲȩĲİ ȠȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ĲȪʌȠȣ 
Dirichlet ȜĮȝȕȐȞȠȣȞ ĲȘȞ ȝȠȡĳȒ  
 
                                                    0),,,(  )tyxp bb                                                [4.27] 
 
İțĳȡȐȗȠȞĲĮȢ ȑĲıȚ ʌȡȠįȚĮȖİȖȡĮȝȑȞȘ ĲȚȝȒ ȖȚĮ ĲȘȞ ıȣȞȐȡĲȘıȘ ʌİįȓȠȣ ĭ ȖȚĮ țȐșİ t.  
 
Ȉİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ, Ș ʌĮȡȐȝİĲȡȠȢ p ȠȡȓȗİĲĮȚ ȦȢ İȟȒȢ: 
 
                                         ),,(),,,( tyxgtyxp bbbb �) )                                     [4.28] 
 
țĮȚ Ƞ ȩȡȠȢ g ıĲȘȞ ʌĮȡĮʌȐȞȦ İțĳȡĮıȘ țĮșȩȡȚȗİȚ ĲȘȞ ʌĮįȚĮȖİȖȡĮȝȑȞȘ ĲȚȝȒ ĲȘȢ ĭ.  
 
Ȉİ ĮȞĲȓșİĲȘ ʌİȡȓʌĲȦıȘ, ȚıȤȪȠȣȞ ĳȣıȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ȝİ ĲȠȞ ȜȩȖȠ ĲȦȞ ʌĮ-
ȡĮȝȑĲȡȦȞ p țĮȚ q ȞĮ įȓȞİȚ ĲȘȞ ʌȡȠįȚĮȖİȖȡĮȝȝȑȞȘ ĲȚȝȒ ĲȘȢ țĮșİĲȘȢ ȕĮșȝȓįĮȢ ĲȘȢ ĭ 
İʌȚ ĲȠȣ ĲȝȒȝĮĲȠȢ ıȣȞȩȡȠȣ ȖȚĮ ĲȠ ȠʌȠȓȠ įȚĮĲȣʌȫȞȠȞĲĮȚ ȠȚ ıȣȞȠȡȓĮțİȢ ıȣȞșȒțİȢ: 

                ¸̧
¹

·
¨̈
©

§
w
)w

�
w
)w

 
w

)w
»
¼

º
«
¬

ª
 

)
�

y
k

x
k

nk
k

tyxq
tyxp

yx
y

x

bb

bb TT sin.cos
0

0
),,(

),,,(
           [4.29] 

 
 
4.11 ȂİĲĮıȤȘȝĮĲȚıȝȩȢ ıȣȞĲİĲĮȖȝȑȞȦȞ 
 
ȈȪȝĳȦȞĮ ȝİ ĲȠȞ ǹȖȚȠȣĲȐȞĲȘ (2002), ȠȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ ıȣȞȒșȦȢ İțĳȡȐȗȠȞĲĮȚ 
ıİ țȐʌȠȚȠ ĮȣșĮȓȡİĲȠ ıȪıĲȘȝĮ ĲȠʌȚțȫȞ ıȣȞĲİĲĮȖȝȑȞȦȞ (local coordinates) ıİ ĮȞĲȚįȚĮ-
ıĲȠȜȒ ȝİ ĲȠ țĮșȠȜȚțȩ ıȪıĲȘȝĮ ıȣȞĲİĲĮȖȝȑȞȦȞ (global coordinates). ǹȣĲȠ ȑȤİȚ ȦȢ 
ĮʌȠĲȑȜİıȝĮ ȠȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ ʌȠȣ įȚȑʌȠȣȞ ĲȠ ıĲȠȚȤİȓȠ ȞĮ İȟĮȡĲȫȞĲĮȚ ȝȩȞȠ Įʌȩ 
ĲȘȞ ıȤİĲȚțȒ ȖİȦȝİĲȡȓĮ ĮȣĲȠȪ țĮȚ ȠȤȚ Įʌȩ ĲȘȞ șȑıȘ ĲȠȣ ıĲȠȞ ȤȫȡȠ. 
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ȅ ȝİĲĮıȤȘȝĮĲȚıȝȩȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ıȣȞĲİĲĮȖȝȑȞȦȞ, Įʌȩ ĲȠʌȚțȩ ıİ țĮșȠȜȚțȩ, ȕĮıȓ-
ȗİĲĮȚ ıĲȘȞ ıȤȑıȘ : 
                                            dtdsJdydxdA uu u                                           [4.30] 
 
ȩʌȠȣ J İȓȞĮȚ Ș ǿĮțȦȕȚĮȞȒ ĲȠȣ ıȣıĲȒȝĮĲȠȢ (Jacobian matrix). 
 
Ǿ ǿĮțȦȕȚĮȞȒ ȣʌȠȜȠȖȓȗİĲĮȚ ȕȐıİȚ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ ʌȠȣ ıȣȞįȑȠȞĲĮȚ ȝİ ĲȠ 
ıĲȠȚȤİȓȠ țĮȚ ȖȚĮ ĲȚȢ ȠʌȠȓİȢ ĮʌĮȚĲİȓĲĮȚ įȚĮĳȩȡȚıȘ. ȋȡȘıȚȝȠʌȠȚİȓĲĮȚ ıĲȘȞ įȚĮįȚțĮıȓĮ 
ĮȜȜĮȖȒȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ıȣȞĲİĲĮȖȝȑȞȦȞ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ ȟİȤȦȡȚıĲȐ țĮȚ țĮĲȐ ıȣ-
ȞȑʌİȚĮ ȩȜȠȣ ĲȠȣ ʌİįȓȠȣ İʌȓȜȣıȘȢ. 
 
 
ǼʌȓȜȣıȘ ıİ İʌȓʌİįȠ ıĲȠȚȤİȓȠȣ 
 
Ǿ İʌȓȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ʌİįȓȠȣ ȝİ ĲȘȞ ȝȑșȠįȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ 
ȖȓȞİĲĮȚ ʌȡȫĲĮ ıİ İʌȓʌİįȠ ıĲȠȚȤİȓȠȣ țĮȚ ıĲȘȞ ıȣȞȑȤİȚĮ ıİ ȩȜȠ ĲȠ ʌİįȓȠ. Ǿ ȕĮıȚțȒ 
İȟȓıȦıȘ ʌȠȣ įȚȑʌİȚ ĲȠ țȐșİ ıĲȠȚȤİȓȠ, ȩʌȦȢ ȣʌȠȜȠȖȓıĲȘțİ ıĲȚȢ ʌȡȠȘȖȠȪȝİȞİȢ 
ʌĮȡĮȖȡȐĳȠȣȢ țĮȚ ȖȚĮ ĲȚȢ ĲȡİȚȢ įȚĮıĲȐıİȚȢ (ȕȜ. İȟȚıȫıİȚȢ 4.9 , 4.18 & 4.21), İȓȞĮȚ : 
 

                                                       ¦
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                                                   [4.31] 

 
Ș ȠʌȠȓĮ ȚțĮȞȠʌȠȚİȓ ĲȘȞ ıȣȞșȒțȘ ʌȠȣ İțĳȡȐȗİĲĮȚ ıĲȘȞ İȟȓıȦıȘ [4.19]. 
 
ǲıĲȦ, ȩĲȚ ȣĳȓıĲĮĲĮȚ Ș ʌİȡȓʌĲȦıȘ įȚıįȚȐıĲĮĲȠȣ ĲȡȚȖȦȞȚțȠȪ ıĲȠȚȤİȓȠȣ ȝİ ĲȡİȚȢ țȩȝ-
ȕȠȣȢ țĮȚ ȩĲȚ İʌȚįȚȫțİĲĮȚ, ȝİ ĲȘȞ ȕȠȒșİȚĮ ĲȘȢ Ȃ.Ȇ.Ȉ. ȞĮ İʌȚȜȣșİȓ ĲȠ ʌȡȩȕȜȘȝĮ ĲȘȢ 
İȜĮıĲȚțȩĲȘĲĮȢ İȞȠȢ ȣȜȚțȠȪ. ȈȘȝİȚȫȞİĲĮȚ ȩĲȚ ĲȠ İʌȓʌİįȠ ĲȡȚȖȦȞȚțȩ ıĲȠȚȤİȓȠ ȑȤİȚ ȑȟȚ 
ȕĮșȝȠȪȢ İȜİȣșİȡȓĮȢ (įȣȠ ĮȞȐ țȩȝȕȠ). 
 
4.12.1 ȀĮĲĮıĲĮĲȚțȑȢ İȟȚıȫıİȚȢ 
 
Ǿ țĮĲĮıĲĮĲȚțȒ İȟȓıȦıȘ ıȣȝʌİȡȚĳȠȡȐȢ ĲȠȣ İȜĮıĲȚțȠȪ ȣȜȚțȠȪ, Ș ȠʌȠȓĮ ıȣȞįȑİȚ ĲȠ 
ĮȓĲȚȠ  (ĲȐıȘ) ȝİ ĲȠ ĮʌȠĲȑȜİıȝĮ (ȝİĲĮĲȩʌȚıȘ), ʌĮȡȓıĲĮĲĮȚ Įʌȩ ĲȘȞ ıȤȑıȘ ȝȠȡĳȒȢ : 
 
                                                         )( ijij f HV                                                      [4.32] 
 
Ș ȠʌȠȓĮ ȝʌȠȡİȓ ȞĮ ȖȡĮĳİȓ ȣʌȩ ȝȠȡĳȒ ʌȚȞȐțȦȞ ȦȢ İȟȒȢ : 
 
                                                        }]{[}{ HV (                                                    [4.33] 
 
ȩʌȠȣ Ƞ ʌȓȞĮțĮȢ [Ǽ] ʌĮȡȚıĲȐȞİȚ ĲȠ ȝȘĲȡȫȠ ĲȦȞ İȜĮıĲȚțȫȞ ȚįȚȠĲȒĲȦȞ ĲȠȣ ȣȜȚțȠȪ.  
 
ȅȚ İȟȚıȫıİȚȢ ʌȠȣ ıȣȞįȑȠȣȞ ĲȘȞ ʌĮȡĮȝȩȡĳȦıȘ ȝİ ĲȘȞ ȝİĲĮĲȩʌȚıȘ, ȝİ ȕȐıȘ ĲȠȞ ȠȡȚ-
ıȝȩ ĲȘȢ ȖȡĮȝȝȚțȒȢ ʌĮȡĮȝȩȡĳȦıȘȢ, İȓȞĮȚ ȠȚ İȟȒȢ : 
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Ǿ İȟȓıȦıȘ [4.34] ȝİĲĮıȤȘȝĮĲȓȗİĲĮȚ ȝİ ȕȐıȘ ĲȠ ĲȠʌȚțȩ ıȪıĲȘȝĮ ıȣȞĲİĲĮȖȝȑȞȦȞ țĮȚ 
ĲȠȣȢ ȕĮșȝȠȪȢ İȜİȣșİȡȓĮȢ ĲȠȣ ıĲȠȚȤİȓȠȣ. ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȠȣ ĲȡȚȖȦȞȚțȠȪ ıĲȠȚȤİȓȠȣ, 
ʌȠȣ ȑȤȠȣȝİ įȣȠ ȕĮșȝȠȪȢ İȜİȣșİȡȓĮȢ ĮȞȐ țȩȝȕȠ (x, y), ȚıȤȪȠȣȞ ȠȚ İȟȚıȫıİȚȢ : 
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                            [4.35] 

 
ȈĲȘȞ ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ [4.35] ȠȚ ȝİȡȚțȑȢ ʌĮȡȐȖȦȖȠȚ ĲȘȢ ȝȠȡĳȒȢ �s /�x įİȞ İȓȞĮȚ 
ȠȡȚıȝȑȞİȢ. Ȃİ ĲȘȞ ȤȡȒıȘ ĲȠȣ țĮȞȩȞĮ ĲȘȢ ĮȜȣıȓįĮȢ țĮșȠȡȓȗȠȞĲĮȚ ıȪȝĳȦȞĮ ȝİ ĲȘȞ 
ʌĮȡĮțȐĲȦ İȟȓıȦıȘ : 
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ǼʌȠȝİȞȦȢ, ȠȚ ıȤȑıİȚȢ ĲȘȢ İȟȓıȦıȘȢ [3.34] įȪȞĮĲĮȚ ȞĮ İțĳȡĮıĲİȓ ıĮȞ ıȣȞȐȡĲȘıȘ ĲȦȞ 
ıȣȞĲİĲĮȖȝȑȞȦȞ s, t ĲȘȢ ǿĮțȦȕȚĮȞȒȢ țĮȚ ĲȦȞ țĮșȠȜȚțȫȞ ıȣȞĲİĲĮȖȝȑȞȦȞ xi , yi . 
 
ǹʌȩ ĲĮ ʌĮȡĮʌȐȞȦ ʌȡȠțȪʌĲİȚ ȝȚĮ ıȤȑıȘ ĲȘȢ ȝȠȡĳȒȢ : 
 
                                                       }]{[}{ qB H                                                      [4.37] 
ȩʌȠȣ  
 
  -  {İ} İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ ʌĮȡĮȝȠȡĳȫıİȦȞ ȝİ įȚĮıĲȐıİȚȢ [3 x 1] 
 
  -  {q} İȓȞĮȚ ĲȠ įȚȐȞȣıȝĮ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ ıĲȠȣȢ țȩȝȕȠȣȢ ȝİ įȚĮıĲȐıİȚȢ [n x 1] 
 
  -  [B] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ıȣıȤİĲȚıȝȠȪ ȝİ įȚĮıĲȐıİȚȢ [3 x n] 
 
  -  n İȓȞĮȚ ȠȚ ıȣȞȠȜȚțȠȓ ȕĮșȝȠȓ İȜİȣșİȡȓĮȢ ĲȠȣ ıĲȠȚȤİȓȠȣ 
 
 
 
ǻȣȞĮȝȚțȒ ǼȞȑȡȖİȚĮ 
 
Ǿ įȣȞĮȝȚțȒ İȞȑȡȖİȚĮ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ ȐșȡȠȚıȝĮ ĲȘȢ İıȦĲİȡȚțȒȢ 
İȞȑȡȖİȚĮȢ țĮȚ ĲȠȣ ȑȡȖȠȣ ĲȦȞ İȟȦĲİȡȚțȫȞ įȣȞȐȝİȦȞ ʌȠȣ İʌȚįȡȠȪȞ ıĲȠ ıĲȠȚȤİȓȠ, ıȪȝ-
ĳȦȞĮ ȝİ ĲȘȞ ıȤȑıȘ : 
 
              ǻȣȞĮȝȚțȒ ǼȞȑȡȖİȚĮ = ǼıȦĲİȡȚțȒ ǼȞȑȡȖİȚĮ – ǲȡȖȠ ǻȣȞȐȝİȦȞ        [4.38] 
 
Ǿ ıȤȑıȘ [4.38] ȝʌȠȡİȓ ȞĮ ĲȡȠʌȠʌȠȚȘșİȓ ȦȢ İȟȒȢ : 
 

              ³³³ ³³³ ³³ ¦ ���� 3
i

iip uFdxdyTdxdydzFdxdydz }{}{}}{{
2
1 HV        [4.39] 
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                           ¦³³³ ��� 3
i

iiAVVp uFdSTdVFdV }{}{}}{{
2
1 HV                     [4.40] 

 
ȩʌȠȣ Ƞ ʌȡȫĲȠȢ ȩȡȠȢ ʌİȡȚȖȡȐĳİȚ ĲȘȞ įȣȞĮȝȚțȒ İȞȑȡȖİȚĮ, Ƞ įİȪĲİȡȠȢ ȩȡȠȢ ʌİȡȚȖȡȐĳİȚ 
ĲȠ ȑȡȖȠ ʌȠȣ ʌĮȡȐȖİĲĮȚ Įʌȩ ĲȚȢ įȣȞȐȝİȚȢ ʌİįȓȠȣ, Ƞ ĲȡȓĲȠȢ ȩȡȠȢ ʌİȡȚȖȡȐĳİȚ ĲȠ ȑȡȖȠ ʌȠȣ 
ʌĮȡȐȖİĲĮȚ Įʌȩ ĲȚȢ ĲȐıİȚȢ Ȓ ĲȚȢ țĮĲĮȞİȝȘȝȑȞİȢ įȣȞȐȝİȚȢ ʌȠȣ ĮıțȠȪȞĲĮȚ ıİ ĮțȝȑȢ 
(edge loads) Ȓ İʌȚĳȐȞİȚİȢ (face or surface loads), țĮȚ Ƞ ĲİȜİȣĲĮȓȠȢ ȩȡȠȢ ʌİȡȚȖȡȐĳİȚ ĲȠ 
ȑȡȖȠ ʌȠȣ ʌĮȡȐȖİĲĮȚ Įʌȩ ĲȚȢ ıȘȝİȚĮțȑȢ įȣȞȐȝİȚȢ. 
 
4.12.3 ȂȘĲȡȫȠ ǹțĮȝȥȓĮȢ 
 
Ǿ įȚĮĳȩȡȚıȘ ĲȘȢ İȟȓıȦıȘȢ [4.36] ȠįȘȖİȓ ıĲȘȞ İȜĮȤȚıĲȠʌȠȓȘıȘ ĲȘȢ įȣȞĮȝȚțȒȢ 
İȞȑȡȖİȚĮȢ : 

                                                  0
}{

0  
w
3w

o 3
q

p
pG                                              [4.41] 

 
ǹʌȩ ĲȚȢ İȟȚıȫıİȚȢ [4.33], [4.37] țĮȚ [4.40] ʌȡȠțȪʌĲİȚ : 
 

³³³³     dxdyqBCBqhdVCdVU TT

V

T

V
}]{][[][}{

2
}]{[}{

2
1}}{{

2
1 HHHV     

               ³³   }]{[}{
2
1}{]][[][}{

2
qKqqdxdyBCBqh TTT                                      [4.42] 

ȩʌȠȣ  
                                             ³³ 

A

T dxdyBCBhK ]][[][                                           [4.43] 

 
- h İȓȞĮȚ ĲȠ ʌȐȤȠȢ ĲȠȣ ıĲȠȚȤİȓȠȣ 
 
- ǹ İȓȞĮȚ  ĲȠ İȝȕĮįȩ ĲȠȣ ıĲȠȚȤİȓȠȣ (ȕȜ. İȟȓıȦıȘ 4.14) 

 
- [Ȁ] İȓȞĮȚ ĲȠ ȝȘĲȡȫȠ ĮțĮȝȥȓĮȢ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ (element stiffness matrix)  

 
ȉȠ ȝȘĲȡȫȠ ĮțĮȝȥȓĮȢ ıȣȞįȑİȚ ĲȠ ĮȓĲȚȠ (įȪȞĮȝȘ) ȝİ ĲȠ ĮʌȠĲȑȜİıȝĮ (ȝİĲĮĲȩʌȚıȘ) ıİ 
İʌȓʌİįȠ ıĲȠȚȤİȓȠȣ. ȅȚ ıȣȞĲİȜİıĲȑȢ ĲȠȣ ȝȘĲȡȫȠȣ [Ȁ] ĮʌȠĲİȜȠȪȞ ȚıȠįȪȞĮȝİȢ ıĲĮșİȡȑȢ 
ȚįİĮĲȫȞ İȜĮĲȘȡȓȦȞ, ĲĮ ȠʌȠȓĮ ıȣȞįȑȠȣȞ ĲȠȣȢ țȩȝȕȠȣȢ (ȕĮșȝȠȪȢ İȜİȣșİȡȓĮȢ) ĲȠȣ 
ıĲȠȚȤİȓȠȣ ȝİĲĮȟȪ ĲȠȣȢ. 
 
Ǿ ıȣȞȐșȡȠȚıȘ ĲȦȞ ȝȘĲȡȫȦȞ ĮțĮȝȥȓĮȢ ȩȜȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ įȓȞȠȣȞ ĲȠ țĮșȠȜȚțȩ 
ȝȘĲȡȫȠ ĮțĮȝȥȓĮȢ ĲȠȣ ʌİįȓȠȣ (global stiffness matrix).  
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ǼʌȓȜȣıȘ ıİ İʌȓʌİįȠ ıȫȝĮĲȠȢ 
 
ǹʌȠ ĲȚȢ ʌȡȠĮȞĮĳİȡșİȓıİȢ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ ʌȡȠțȪʌĲİȚ ȩĲȚ Įʌȩ țȐșİ İʌȓȜȣıȘ ıİ 
İʌȓʌİįȠ ıĲȠȚȤİȓȠȣ, ʌȡȠțȪʌĲİȚ ȝȚĮ İȟȓıȦıȘ ĲȘȢ ȝȠȡĳȒȢ : 
 
                                                        ^ ` > @̂ `qKF                                                      [4.44] 
 
ȩʌȠȣ {F} İȓȞĮȚ ĲȠ ĮȓĲȚȠ (İʌȚȕĮȜȩȝİȞȘ įȪȞĮȝȘ ıĲȠ ıĲȠȚȤİȓȠ) țĮȚ {q} İȓȞĮȚ ĲȠ ĮʌȠĲȑȜİ-
ıȝĮ (Ș ȝİĲĮĲȩʌȚıȘ ʌȠȣ ȣĳȓıĲĮĲĮȚ ĲȠ ıĲȠȚȤİȓȠ). Ǿ ıȣȞȚıĲȫıĮ [Ȁ], ʌȠȣ ĮʌȠĲİȜİȓ ĲȠ 
ȝȘĲȡȫȠ ĮțĮȝȥȓĮȢ ĲȠȣ ıĲȠȚȤİȓȠȣ, ĮȞĮȜȪșȘțİ įȚİȟȠįȚțȐ ıĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ ʌĮȡȐȖȡĮ-
ĳȠ (ȕȜ. § 4.12). 
 
īȚĮ ĲȘȞ İʌȓȜȣıȘ ȩȜȠȣ ĲȠȣ ıȫȝĮĲȠȢ, ʌȡȑʌİȚ ȞĮ ȖȓȞİȚ ıȣȞȐșȡȠȚıȘ ĲȦȞ İȟȚıȫıİȦȞ 
ĮȣĲȫȞ (assembly of element equations), ȝİ ȖȞȫȝȠȞĮ ĲȘȞ ıȪȞįİıȘ ĲȦȞ İʌȚȝȑȡȠȣȢ İȟȚ-
ıȫıİȦȞ  ıȣȞȑȤİȚĮȢ ʌȠȣ İʌȘȡİȐȗȠȣȞ țȐșİ țȩȝȕȠ țĮȚ, ȝİĲȐ ĲȘȞ İĳĮȡȝȠȖȒ ĲȦȞ ıȣȞȠ-
ȡȚĮțȫȞ ıȣȞșȘțȫȞ, ȞĮ ȖȓȞİȚ İʌȓȜȣıȘ ĲȠȣ ĲİȜȚțȠȪ ȖȡĮȝȝȚțȠȪ ıȣıĲȒȝĮĲȠȢ. ȉȠ ȖȡĮȝ-
ȝȚțȩ ĮȣĲȩ ıȪıĲȘȝĮ İȓȞĮȚ n İȟȚıȫıİȦȞ ȝİ n ĮȖȞȫıĲȠȣȢ, ȩʌȠȣ n, ȩʌȦȢ ĮȞİĳȑȡșȘ țĮȚ 
ʌĮȡĮʌȐȞȦ, İȓȞĮȚ Ƞ ĮȡȚșȝȩȢ ĲȦȞ ȕĮșȝȫȞ İȜİȣșİȡȓĮȢ țȐșİ țȩȝȕȠȣ. 
 
īȚĮ ĲȘȞ țĮĲĮȞȩȘıȘ ĲȘȢ įȚĮįȚțĮıȓĮȢ ĮȣĲȒȢ, șİȦȡȠȪȞĲĮȚ įȑțĮ (10) ȖİȚĲȠ-ȞȚțȐ ȝİĲĮȟȪ 
ĲȠȣȢ ıĲȠȚȤİȓĮ ȝİ Įȡȓș-ȝȘıȘ țȩȝȕȦȞ (ȕȜ. ıȤ.4.12). Ȃİ ĲȘȞ ȣʌȩșİıȘ ȩĲȚ ȝİ qix 
ıȣȝȕȠȜȓȗİĲĮȚ Ƞ ȕĮșȝȩȢ İȜİȣșİȡȓĮȢ țĮĲȐ x ıĲȠȞ țȩȝȕȠ i țĮȚ ȝİ ȝİ qiy ıȣȝȕȠȜȓȗİĲĮȚ Ƞ 
ȕĮșȝȩȢ İȜİȣșİȡȓĮȢ țĮĲȐ y ıĲȠȞ țȩȝȕȠ i, ȠȚ İȟȚıȫıİȚȢ ȖȚĮ țȐșİ ıĲȠȚȤİȓȠ įȓȞȠȞĲĮȚ Įʌȩ 
ĲȠ ıȪıĲȘȝĮ ĲȦȞ İȟȚıȫıİȦȞ : 
        

 
          

ȈȤȒȝĮ 4.12 : ȈȪȞįİıȘ ĲȦȞ İʌȚȝȑȡȠȣȢ İȟȚıȫıİȦȞ 
                     ĲȦȞ ıĲȠȚȤİȓȦȞ 
 
īȚĮ ĲȠ ıĲȠȚȤİȓȠ (1) (țȩȝȕȠȚ 1,2,5) : 
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                [4.45] 

 
 
īȚĮ ĲȠ ıĲȠȚȤİȓȠ (2) (țȩȝȕȠȚ 2,5,6) : 
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           [4.46] 

 
 
īȚĮ ĲȠ ıĲȠȚȤİȓȠ (3) (țȩȝȕȠȚ 2,3,6) : 
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           [4.47] 

 
 

....................................................................................................................  

....................................................................................................................  

....................................................................................................................  
 
 
 
īȚĮ ĲȠ ıĲȠȚȤİȓȠ (8) (țȩȝȕȠȚ 8,9,10) : 
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          [4.48] 

 
 
 
 
 
 
īİȞȚțȐ, ȖȚĮ ĲȠ ıĲȠȚȤİȓȠ (n) (țȩȝȕȠȚ i,j,k) : 
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             [4.49] 

 
 
ǹʌȩ ĲȘȞ ʌĮȡĮʌȐȞȦ ĮȞȐȜȣıȘ ȖȓȞİĲĮȚ țĮĲĮȞȠȘĲȩ ȩĲȚ țȐșİ ıĲȠȚȤİȓȠ İʌȚįȡȐ ıĲĮ ȣʌȩȜȠȚ-
ʌĮ ıĲȠȚȤİȓĮ ȝİ ĲĮ ȠʌȠȓĮ țĮȚ ıȣȞȠȡİȪİȚ, İȞȫ įȑȤİĲĮȚ țĮȚ İʌȚȡȡȠȒ ĮȞĲȓıĲȠȚȤĮ Įʌȩ ĮȣĲȐ 
ıĲȘȞ įȚĮȝȩȡĳȦıȘ ĲȦȞ İʌȚȝȑȡȠȣȢ İȟȚıȫıİȦȞ. 
 
Ǿ țĮĲȐıĲȡȦıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȦȞ ȝİȡȚțȫȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ʌȠȣ ʌİȡȚȖȡȐĳȘ-
ıĮȞ ıĲȠ țİĳȐȜĮȚȠ ĮȣĲȩ, țĮȚ ȠȚ ȠʌȠȓİȢ įȚȑʌȠȣȞ ĲĮ ıĲȠȚȤİȓĮ ĲȠȣ ʌİįȓȠȣ ĮʌȠĲİȜȠȪȞ ĲȘȞ 
ȝȑșȠįȠ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ. 
 
 
 
ȆȡȠȖȡĮȝȝĮĲȚıȝȩȢ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ ıĲȠ Matlab 
 
 
ȉȠ ȜȠȖȚıȝȚțȩ ʌĮțȑĲȠ MATLAB 
 
ȉȠ MATLAB İȓȞĮȚ İȞĮ ȜȠȖȚıȝȚțȩ ĲȠ ȠʌȠȓȠ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ıİ įȚȐĳȠȡİȢ ʌİȡȚȠȤȑȢ 
ĲİȤȞoȜȠȖȚțȫȞ țĮȚ İʌȚıĲȘȝȠȞȚțȫȞ İĳĮȡȝȠȖȫȞ. ǻİȞ İȓȞĮȚ ȖȜȫııĮ ʌȡȠȖȡĮȝȝĮĲȚıȝȠȪ 
ȣʌȠȜȠȖȚıĲȒ, ȩȝȦȢ țȐȞİȚ ıȤİįȩȞ ȩĲȚ țȐȞİȚ ȝȚĮ ĲȑĲȠȚĮ ȖȜȫııĮ (ʌȤ. Fortran, C, Pascal). 
ǲȤİȚ ȖȡĮĳİȓ ıİ ĮȣĲȠȝĮĲȠʌȠȚȘȝȑȞȘ ȕȐıȘ țĮȚ įİȞ ĮʌĮȚĲİȓ ȖȞȫıȘ ıİ ȕȐșȠȢ ĲȦȞ ȜİȚ-
ĲȠȣȡȖȚțȫȞ ĮȡȤȫȞ ĲȠȣ ʌȡȠȖȡĮȝȝĮĲȚıȝȠȪ ıİ Ǿ/Ȋ ʌȠȣ ĮʌĮȚĲİȓĲĮȚ ıĲȚȢ ʌİȡȚııȩĲİȡİȢ 
ĲȦȞ ȖȜȦııȫȞ ʌȡȠȖȡĮȝȝĮĲȚıȝȠȪ. ȅ ĮȡȚșȝȘĲȚțȩȢ ȣʌȠȜȠȖȚıȝȩȢ ıĲȠ MATLAB ȤȡȘıȚ-
ȝȠʌȠȚİȓ ıȣȜȜȠȖȑȢ ȖȡĮȝȝȑȞȦȞ ȝĮșȘȝĮĲȚțȫȞ ȣʌȠȡȠȣĲȓȞȦȞ. ȉȠ ʌĮțȑĲȠ ʌİȡȚȑȤİȚ İʌȓıȘȢ 
Graphical User Interface (GUI) țĮșȫȢ țĮȚ ĲȡȚıįȚȐıĲĮĲȘ ĮȞĮʌĮȡȐıĲĮıȘ ȖȡĮĳȚțȫȞ. 
 
īİȞȚțȐ, ĲȠ MATLAB ĮʌȠĲİȜİȓ ȑȞĮ ȤȡȒıȚȝȠ İȡȖĮȜİȓȠ ȖȚĮ ʌȡȐȟİȚȢ ȝİ įȚĮȞȪıȝĮĲĮ 
(vectors) țĮȚ ȝȘĲȡȫĮ (matrices). īȚĮ ĲȠȞ ȜȩȖȠ ĮȣĲȩ, ĲȠ ȜȠȖȚıȝȚțȩ ȝʌȠȡİȚ ȞĮ ȤȡȘıȚȝȠ-
ʌȠȚȘșİȓ İʌȦĳİȜȫȢ ȦȢ İȡȖĮȜİȓȠ İʌȓȜȣıȘȢ ıĲȘȞ ȝİșȩįȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ. 
 
ǹȞȐȜȣıȘ ȝİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ıĲȠ MATLAB 
 
Ǿ įȠȝȒ ĲȠȣ ĮȜȖȩȡȚșȝȠȣ ʌȠȣ țĮĲĮıİȣȐıĲȘțİ ȝİ ȕȐıȘ ĲȘȞ ĮȞȐȜȣıȘ ȝİ ĲȘȞ ȝȑșȠįȠ 
ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ įȚĮțȡȓȞİĲĮȚ ıİ ĲȡȓĮ ıĲȐįȚĮ İʌİȟİȡȖĮıȓĮȢ : 
 
x ȉȠ ıĲȐįȚȠ ĲȘȢ ȆȡȠ-İʌİȟİȡȖĮıȓĮȢ (Pre-processor unit) 
x ȉȠ ıĲȐįȚȠ ĲȘȢ țȪȡȚĮȢ İʌİȟİȡȖĮıȓĮȢ (Processor unit) 
x ȉȠ ıĲȐįȚȠ ĲȘȢ ȝİĲĮ-İʌİȟİȡȖĮıȓĮȢ (Post-processor unit) 

Ȉİ țȐșİ ıĲȐįȚȠ ȜĮȝȕȐȞȠȣȞ ȤȫȡĮ ȠȚ ĮȞȓıĲȠȚȤİȢ įȚĮįȚțĮıȓİȢ : 
 
x ȈĲȠ ıĲȐįȚȠ ĲȘȢ ʌȡȠ-İʌİȟİȡȖĮıȓĮȢ : 
o ǹȞȐȖȞȦıȘ ĲȦȞ įİįȠȝȑȞȦȞ İȚıȩįȠȣ 
o ȀĮșȠȡȚıȝȩȢ ĲȦȞ ȝİȖİșȫȞ (sizes) ĲȦȞ ĮȞĲȓıĲȠȚȤȦȞ ʌĮȡĮĲȐȟİȦȞ (arrays) 
o ǻȘȝȚȠȣȡȖȓĮ ȖİȦȝİĲȡȓĮȢ ĲȦȞ ıĲĮįȓȦȞ İțıțĮĳȒȢ ĲȠȣ ȝȠȞĲȑȜȠȣ 



ȆĮȡȐȡĲȘȝĮ ǿǿ 187

o ǻȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ 
x ȈĲȠ ıĲȐįȚȠ ĲȘȢ țȪȡȚĮȢ İʌİȟİȡȖĮıȓĮȢ : 
o ǲȜİȖȤȠȢ ĮȡȚșȝȠȪ ıĲĮįȓȠȣ İțıțĮĳȒȢ 
o ǱȞ ĲȠ ĲȡȑȤȠȞ ıĲȐįȚȠ İȓȞĮȚ ĲȠ ʌȡȫĲȠ : 
¾ ȊʌȠȜȠȖȚıȝȩȢ ĲȦȞ įȚĮȞȣıȝȐĲȦȞ țĮȚ ĲȦȞ ȝȘĲȡȫȦȞ țȐșİ ıĲȠȚȤİȓȠȣ 
¾ ȈȣȖțȡȩĲȘıȘ ĲȦȞ įȚĮȞȣıȝȐĲȦȞ țĮȚ ĲȦȞ ȝȘĲȡȫȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ ıĲȠ 

ıȣıĲȘȝȚțȩ įȚȐȞȣıȝĮ țĮȚ ȝȘĲȡȫȠ 
¾ ȈȣȞȐșȡȠȚıȘ ıĲȠ țĮșȠȜȚțȩ ıȪıĲȘȝĮ İȟȚıȫıİȦȞ 
¾ ǼĳĮȡȝȠȖȒ ĳȠȡĲȓıİȦȞ țĮȚ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ ıİ țȐșİ ıĲȠȚȤİȓȠ 
¾ ǼʌȓȜȣıȘ ĲȘȢ ȝȘĲȡȦȚțȒȢ İȟȓıȦıȘȢ ȦȢ ʌȡȠȢ ĲȚȢ țȪȡȚİȢ țȠȝȕȚĮțȑȢ ȝİĲĮȕȜȘĲȑȢ 
¾ ȊʌȠȜȠȖȚıȝȩȢ ĲȦȞ įİȣĲİȡİȣȠȣıȫȞ ȝİĲĮȕȜȘĲȫȞ 
¾ ǹȞĲȚıĲȠȓȤȚıȘ țȩȝȕȦȞ țĮȚ țȠȝȕȚĮțȫȞ ȝİĲĮȕȜȘĲȫȞ 
¾ ǹʌȠșȒțİȣıȘ ȩȜȦȞ ĲȦȞ ʌȜȘȡȠĳȠȡȚȫȞ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ 

o ǱȞ ĲȠ ĲȡȑȤȠȞ ıĲȐįȚȠ İȓȞĮȚ ȐȜȜȠ : 
¾ ǹȞĲȚıĲȠȓȤȚıȘ ĲȦȞ țȩȝȕȦȞ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ ȝİ ĲȠȣȢ țȩȝȕȠȣȢ ĲȠȣ 

ʌȡȠȘȖȠȪȝİȞȠȣ ıĲĮįȓȠȣ (ȣʌȑȡșİıȘ ıĲĮįȓȦȞ). 
¾ ȂİĲĮĳȠȡȐ ĲȦȞ ĮʌȠșȘțİȣȝȑȞȦȞ ʌȜȘȡȠĳȠȡȚȫȞ ĲȦȞ țȩȝȕȦȞ ĲȠȣ 

ʌȡȠȘȖȠȪȝİȞȠȣ ıĲĮįȓȠȣ ıĲȠȣȢ țȠȝȕȠȣȢ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ. 
¾ ȂȘįİȞȚıȝȩȢ ĲȦȞ įȚĮȞȣıȝȐĲȦȞ țĮȚ ȝȘĲȡȫȦȞ ʌȠȣ țĮĲĮıțİȣȐıĲȘțĮȞ Įʌȩ ĲȠ 

ʌȡȠȘȖȠȪȝİȞȠ ıĲȐįȚȠ 
¾ ǼʌĮȞĮȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ĲȠʌȚțȫȞ țĮȚ țĮșȠȜȚțȫȞ įȚĮȞȣıȝȐĲȦȞ țĮȚ ȝȘĲȡȫȦȞ. 
¾ ȊʌȠȜȠȖȚıȝȩȢ ĲȦȞ ȞȑȦȞ țȪȡȚȦȞ țĮȚ įİȣĲİȡİȣȠȣıȫȞ ȝİĲĮȕȜȘĲȫȞ 
¾ ǹȞĲȚıĲȠȓȤȚıȘ țȩȝȕȦȞ țĮȚ țȠȝȕȚĮțȫȞ ȝİĲĮȕȜȘĲȫȞ 
¾ ǹʌȠșȒțİȣıȘ ȩȜȦȞ ĲȦȞ ʌȜȘȡȠĳȠȡȚȫȞ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ 

x ȈĲȠ ıĲȐįȚȠ ĲȘȢ ȝİĲȐ-İʌİȟİȡȖĮıȓĮȢ : 
o ȈȤİįȓĮıȘ țĮȚ / Ȓ İțĲȪʌȦıȘ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ıİ țȐșİ ıĲȐįȚȠ İțıțĮĳȒȢ. 

 
ȈĲȐįȚȠ ȆȡȠ-İʌİȟİȡȖĮıȓĮȢ  
 
ȅȚ țȪȡȚİȢ ʌĮȡȐȝİĲȡȠȚ İȚıȩįȠȣ ʌȠȣ ȤȡİȚȐȗȠȞĲĮȚ ȖȚĮ ĲȠȞ ʌȡȠȖȡĮȝȝĮĲȚıȝȩ ȝİ ʌİʌİȡĮ-
ıȝȑȞĮ ıĲȠȚȤİȓĮ İȓȞĮȚ : 
 
x Ǿ ȖİȦȝİĲȡȓĮ ĲȠȣ ʌİįȓȠȣ 
x ȅ ĮȡȚșȝȩȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠȣ ıȣıĲȒȝĮĲȠȢ 
x ȅȚ ıȣȞĲİĲĮȖȝȑȞİȢ țȐșİ țȩȝȕȠȣ ıĲȠ ȖİȞȚțȩ (global) ıȪıĲȘȝĮ ıȣȞĲİĲĮȖȝȑȞȦȞ 
x ȉȠ İȓįȠȢ țȐșİ ıĲȠȚȤİȓȠȣ 
x ȅȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ 
x ȅȚ ʌĮȡȐȝİĲȡȠȚ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ 

 
ȈĲȠ ʌȡȫĲȠ ıĲȐįȚȠ ȖȓȞİĲĮȚ Ș ĮȞȐȖȞȦıȘ ĲȦȞ įİįȠȝȑȞȦȞ ʌȠȣ ʌİȡȚȖȡȐĳȠȣȞ ĲȠ ʌȡȩȕȜȘȝĮ 
Įʌȩ ȖİȦȝİĲȡȚțȒȢ țĮȚ ʌĮȡĮȝİĲȡȚțȒȢ ȐʌȠȥȘȢ. ȉĮ įİįȠȝȑȞĮ ĮȣĲȐ İȓȞĮȚ Ș ȖİȦȝİĲȡȓĮ ĲȠȣ 
ʌİįȓȠȣ İʌȓȜȣıȘȢ, ȠȚ ĳȣıȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ĲȠȣ ȝȑıȠȣ ʌȠȣ İȝĳĮȞȓȗȠȞĲĮȚ ıĲȘ ȕĮıȚțȒ įȚĮ-
ĳȠȡȚțȒ İȟȓıȦıȘ ȦȢ ıȣȞĲİȜİıĲȑȢ ĲȦȞ ȩȡȦȞ ĲȘȢ, țĮșȫȢ țĮȚ ıĲȠȣȢ țĮĲĮıĲĮĲȚțȠȪȢ Ȟȩ-
ȝȠȣȢ ʌȠȣ ʌİȡȚȖȡȐĳȠȣȞ ĲȠ ʌȡȩȕȜȘȝĮ ʌİįȓȠȣ ĲȠ ȠʌȠȓȠ İʌȚȜȪİĲĮȚ.  
 
ǼȚıĮȖȦȖȒ ĲȘȢ ȖİȦȝİĲȡȓĮȢ 
 
Ǿ İȚıĮȖȦȖȒ țĮȚ Ș ʌİȡȚȖȡĮĳȒ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ȝʌȠȡİȓ ȞĮ İʌȚĲİȣȤșİȓ ȝİ ĲȘȞ İȚıĮȖȦȖȒ 
ıĲȠ MATLAB İȞȠȢ ıȣȝȕĮĲȠȪ ȝİ ĲĮ įİįȠȝȑȞĮ, įȠȝȘȝȑȞȠȣ ʌȓȞĮțĮ. Ǿ įȚĮįȚțĮıȓĮ ĮȣĲȒ 
İȓȞĮȚ İȪțȠȜȠ ȞĮ ȖȓȞİȚ ȐȝİıĮ, țĮșȠȡȓȗȠȞĲĮȢ ĲȠȞ ʌȓȞĮțĮ ȖȚĮ ĮʌȜȑȢ ȖİȦȝİĲȡȓİȢ, ȦıĲȩıȠ, 
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ȖȚĮ ʌȠȜȪʌȜȠțĮ ȖİȦȝİĲȡȚțȐ ıȤȒȝĮĲĮ İȓȞĮȚ İʌȓʌȠȞȘ İȡȖĮıȓĮ. īȚ’ĮȣĲȩ ĲȠ ȜȩȖȠ țĮĲĮ-
ıțİȣȐıĲȘțİ İȞĮȢ ĮȜȖȩȡȚșȝȠȢ İȚıĮȖȦȖȒȢ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȠȣ ʌİįȓȠȣ (dxf_read.m) ıĲȠ 
MATLAB, Ƞ ȠʌȠȓȠȢ ʌĮȡȑȤİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ĮȞȐȖȞȦıȘȢ ʌĮȡĮȝİĲȡȚțȫȞ ĮȡȤİȓȦȞ ıİ 
ȝȠȡĳȒ DXF.  
 
ȉĮ ĮȡȤİȓĮ ĮȣĲȐ ʌȡȠțȪʌĲȠȣȞ Įʌȩ İĳĮȡȝȠȖȒ ıȤİįȚĮıĲȚțȫȞ ʌĮțȑĲȦȞ ȩʌȦȢ ĲȠ 
AutoCAD, ȩʌȠȣ Ș ıȤİįȓĮıȘ ĮțȩȝȘ țĮȚ ʌȠȜȪʌȜȠțȦȞ ȖİȦȝİĲȡȚțȫȞ ıȤȘȝȐĲȦȞ İȓȞĮȚ ʌȚȠ 
İȣțȠȜȘ įȚĮįȚțĮıȓĮ. ǹȞĮȖțĮȓĮ ʌȡȠȣʌȩșİıȘ ȖȚĮ ĲȘȞ ıȣȝȕĮĲȩĲȘĲĮ ĲȠȣ ĮȜȖȩȡȚșȝȠȣ 
ĮȣĲȠȪ İȓȞĮȚ Ș ıȤİįȓĮıȘ ıĲȠ AutoCAD ĲȦȞ ıȤȘȝȐĲȦȞ ȝİ țȜİȚıĲȐ ʌİȡȚȖȡȐȝȝĮĲĮ 
(p_lines). ȅ ĮȜȖȩȡȚșȝȠȢ ĮȞĮȖȞȦȡȓȗİȚ ĲȚȢ ıȣȞĲİĲĮȖȝȑȞİȢ ĲȦȞ p_lines țĮȚ țĮĲĮıțİȣȐȗİȚ 
İȞĮȞ ʌȓȞĮțĮ [gd] Ƞ ȠʌȠȓȠȢ İȚıȐȖİĲĮȚ ıĲȠ MATLAB țĮȚ ȑȤİȚ ĲȘȞ ȝȠȡĳȒ ʌȠȣ ĳĮȓȞİĲĮȚ 
ıĲȠ ıȤȒȝĮ 5.1 : 
 

 
ȈȤȒȝĮ 5.1 : ǻȠȝȘȝȑȞȠȢ ʌȓȞĮțĮȢ ʌȠȣ ʌİȡȚȖȡȐĳİȚ ĲȘȞ ȖİȦȝİĲȡȓĮ ĲȠȣ ĮȡȤİȓȠȣ dxf_read 
 
ȈĲȠȞ ʌȓȞĮțĮ (ȕȜ. ıȤ. 5.1) țȐșİ ıĲȒȜȘ ĮȞĲȚıĲȠȚȤİȓ țĮȚ ıİ ȑȞĮ țȜİȚıĲȩ ȖİȦȝİĲȡȚțȩ ʌİ-
ȡȓȖȡĮȝȝĮ, İȞȫ țȐșİ ȖȡĮȝȝȒ ʌİȡȚȑȤİȚ ıȣȖțİȡȚȝȑȞİȢ ʌȜȘȡȠĳȠȡȓİȢ ȖȚĮ ĲȘȞ ȖİȦȝİĲȡȓĮ 
ĲȠȣ ʌİįȓȠȣ. Ǿ ʌȡȫĲȘ ȖȡĮȝȝȒ ʌİȡȚȑȤİȚ ȝȩȞȠ ĲȠȞ ĮȡȚșȝȩ įȣȠ (2), Ƞ ȠʌȠȓȠȢ ĮȡȚșȝȩȢ 
ĮȞĲȚıĲȠȚȤİȓ ıĲȠȞ țȦįȚțȩ ʌȠȜȣȖȦȞȚțȒȢ țȜİȚıĲȒȢ țĮȝʌȪȜȘȢ ȖȚĮ ĲȠ ʌȡȩȖȡĮȝȝĮ. Ǿ įİȪ-
ĲİȡȘ ȖȡĮȝȝȒ ʌİȡȚȑȤİȚ ĲȦȞ ĮȡȚșȝȩ n ĲȦȞ ȖȡĮȝȝȚțȫȞ ĲȝȘȝȐĲȦȞ (segments) ʌȠȣ țĮșȠ-
ȡȓȗȠȣȞ ĲȠ țȐșİ țȜİȚıĲȩ ʌİȡȓȖȡĮȝȝĮ. 
 
ȅȚ İʌȩȝİȞİȢ n ĲȠȞ ĮȡȚșȝȩ ȖȡĮȝȝȑȢ, ȩʌȠȣ n Ƞ ĮȡȚșȝȩȢ ĲȦȞ ĲȝȘȝȐĲȦȞ, ʌİȡȚȑȤȠȣȞ ĲȚȢ x 
ıȣȞĲİĲĮȖȝȑȞİȢ ĲȦȞ ĮȡȤȚțȫȞ ıȘȝİȓȦȞ ĲȠȣ țȐșİ ĲȝȒȝĮĲȠȢ, İȞȫ ȠȚ İʌȩȝİȞİȢ, n ĲȠȞ 
ĮȡȚșȝȩ ȖȡĮȝȝȑȢ, ʌİȡȚȑȤȠȣȞ ĲȚȢ y ıȣȞĲİĲĮȖȝȑȞİȢ ĲȦȞ ĮȡȤȚțȫȞ ıȘȝİȓȦȞ ĲȠȣ țȐșİ ĲȝȒ-
ȝĮĲȠȢ ĮȞĲȓıĲȠȚȤĮ. 
 
ǼțĲȩȢ ĲȠȣ ʌĮȡĮȝİĲȡȚțȠȪ ʌȓȞĮțĮ ȖİȦȝİĲȡȓĮȢ [gd] ȣʌȐȡȤȠȣȞ ĮțȩȝȘ įȣȠ İȞĲȠȜȑȢ ĲȠȣ 
MATLAB ȠȚ ȠʌȠȓİȢ ĮĳȠȡȠȪȞ ĲȘȞ ʌİȡȚȖȡĮĳȒ ĲȘȢ İıȦĲİȡȚțȒȢ įȠȝȒȢ ĲȠȣ ȠȜȚțȠȪ ȤȦ-
ȡȓȠȣ ȦȢ ʌȡȠȢ ĲĮ ȣʌȠʌİįȓĮ ʌȠȣ ĲȠ ĮʌȠĲİȜȠȪȞ.  
 
ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ, Ș ʌĮȡȐȝİĲȡȠȢ [ns] įȓȞİȚ ȑȞĮȞ ĮȡȚșȝȘĲȚțȩ ʌȓȞĮțĮ ĲȠȣ ȠʌȠȓȠȣ țȐșİ 
ıĲȒȜȘ ĮȞĲȚıĲȠȚȤİȓ ıĲȠȞ ıȣȞįȣĮıȝȩ ĲȦȞ ĮȡȚșȝȫȞ įȚʌȜȒȢ ĮțȡȓȕİȚĮȢ (double-precision) 
ĲȦȞ ȤĮȡĮțĲȒȡȦȞ ʌȠȣ ĮʌȠĲİȜȠȪȞ ĲȘȞ ıȣȝȕȠȜȠıİȚȡȐ ĲȠȣ ȠȞȩȝĮĲȠȢ - İĲȚțȑĲĮȢ (label) 
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İȞȩȢ ıȣȖțİțȡȚȝȑȞȠȣ ȣʌȠʌİįȓȠȣ ȩʌȦȢ Ƞ ʌȓȞĮțĮȢ ĮȣĲȩȢ ȣʌȠȜȠȖȓȗİĲĮȚ Įʌȩ ĲȘȞ İȞĲȠȜȒ 
‘double’ ĲȠȣ MATLAB. ȉȠ ȩȞȠȝĮ ĲȠȣ ȣʌȠʌİįȓȠȣ ȠȡȓȗİĲĮȚ Įʌȩ ĲȠȞ ȤȡȒıĲȘ (ʌȤ. p1). 
 
Ǿ įİȪĲİȡȘ ʌĮȡȐȝİĲȡȠȢ ʌȠȣ ʌİȡȚȖȡȐĳİȚ ĲȘȞ įȠȝȒ ĲȠȣ ȠȜȚțȠȪ ʌİįȓȠȣ İȓȞĮȚ Ș [sf], Ș 
ȠʌȠȓĮ țĮșȠȡȓȗİȚ ĲȘȞ ıȪȞșİıȘ ȝİĲĮȟȪ ĲȦȞ ȣʌȠʌİįȓȦȞ. ǹȞ, ȖȚĮ ʌĮȡȐįİȚȖȝĮ, ȣʌȐȡȤȠȣȞ 
įȣȠ ȣʌȠʌİįȓĮ (p1, p2, ȝİ ĲȠ p2 ȞĮ ʌİȡȚțȜİȓİĲĮȚ ȝȑıĮ ıĲȠ p1) ıĲȘȞ ıȣȞȠȜȚțȒ ȖİȦȝİ-
ĲȡȓĮ ĲȠȣ ȤȦȡȓȠȣ, ȝʌȠȡİȓ ȞĮ ȠȡȚıĲİȓ Ș ĳȩȡȝȠȣȜĮ : 
 
                                                       '21' ppsf �                                                      [5.1] 
 
ȫıĲİ ȞĮ ʌȡȠıĲİșİȓ ĲȠ ȣʌȠʌİįȓȠ p1 țĮȚ  ȞĮ ĮĳĮȚȡİșİȓ ĲȠ ȣʌȠʌİįȓȠ p2 Įʌȩ ĲȠ ȠȜȚțȩ 
ȤȦȡȓȠ (ȕȜ.ıȤ  5.2) 
 

 
 

ȈȤȒȝĮ 5.2 : ȈȪȞșİĲȠ ʌİįȓȠ ĮʌȠĲİȜȠȪȝİȞȠ Įʌȩ ĲĮ ȣʌȠʌİįȓĮ p1 țĮȚ p2  
ȩʌȠȣ ȚıȤȪİȚ Ș ĳȩȡȝȠȣȜĮ p1-p2 

 
 
ȅȚ ʌȜȘȡȠĳȠȡȓİȢ ĲȠȣ ʌȓȞĮțĮ [gd] țĮȚ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ sf  țĮȚ ns ĮȞĮȜȪİĲĮȚ ʌİȡȚı-
ıȩĲİȡȠ İțĲİȜȩȞĲĮȢ ĲȘȞ İȞĲȩȜȘ ĮʌȠįȩȝȘıȘȢ ĲȠȣ ʌȓȞĮțĮ ȖİȦȝİĲȡȓĮȢ decsg țĮȚ Ș ȠʌȠȓĮ 
İȟȐȖİȚ İȞĮ ȝȘĲȡȫȠ [g], ʌȠȣ İȓȞĮȚ Ƞ ĮȞĮȜȣĲȚțȩȢ ʌȓȞĮțĮȢ ĲȘȢ ȖİȦȝİĲȡȓĮȢ. 
 
 
 
ȀĮĲĮıțİȣȒ ıĲĮįȓȦȞ İțıțĮĳȒȢ  
 
ȈĲȠ ʌȡȩȕȜȘȝĮ ʌȠȣ ȝİȜİĲȐĲĮȚ ıĲȘȞ İȡȖĮıȓĮ ĮȣĲȒ, Ș ıȣȝʌİȡȚĳȠȡȐ ĲȠȣ ȝȠȞĲȑȜȠȣ İț-
ıțĮĳȒȢ ʌȡȠıįȚȠȡȓȗİĲĮȚ ıİ ĳȐıİȚȢ (ıĲȐįȚĮ İțıțĮĳȒȢ).  
 
ȈĲȠ ʌȡȫĲȠ ıĲȐįȚȠ ĲȠ ȝȠȞĲȑȜȠ ĲȠȣ ȖİȦȣȜȚțȠȪ İȓȞĮȚ ĮįȚȐȡȡȘțĲȠ. ȈĲȠ įİȣĲİȡȠ ıĲȐįȚȠ 
ȜĮȝȕȐȞİȚ ȤȫȡĮ Ș ʌȡȫĲȘ ĳȐıȘ İțıțĮĳȒȢ İȞȠȢ ĲȝȒȝĮĲȠȢ ĲȠȣ ȣʌȩȖİȚȠȣ ĮȞȠȓȖȝĮĲȠȢ țĮȚ 
ʌĮȡȐȜȜȘȜĮ ĲȠʌȠșİĲȠȪȞĲĮȚ ȝȑĲȡĮ ȣʌȠıĲȒȡȚȟȘȢ ȝİ ĲȘȞ ȝȠȡĳȒ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ. 
ȈĲȠ ĲȡȓĲȠ țĮȚ ĲİȜİȣĲĮȓȠ ıĲȐįȚȠ İțıțȐʌĲİĲĮȚ İʌȚʌȜȑȠȞ ĲȝȒȝĮ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ ĲȠ ȠʌȠȓȠ 
ʌĮȡĮȝȑȞİȚ ĮȞȣʌȠıĲȒȡȚțĲȠ. 
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Ǿ ȖİȦȝİĲȡȓĮ ĲȦȞ ĲȡȚȦȞ ıĲĮįȓȦȞ, ʌȠȣ İĳĮȡȝȩȗȠȞĲĮȚ ıĲȠȞ ıȣȖțİțȡȚȝȑȞȠ țȫįȚțĮ ĲȠȣ 
ʌȡȠȖȡȐȝȝĮĲȠȢ, įȘȝȚȠȣȡȖİȓĲĮȚ ȕȐıİȚ ĲȘȢ ıȤȑıȘȢ (5.1) ȖȚĮ ĲĮ ȣʌȠʌİįȓĮ pi. ȈȣȖțİțȡȚȝȑ-
ȞĮ, ıĲĮ ĲȡȚĮ ıĲȐįȚĮ İĳĮȡȝȩȗȠȞĲĮȚ ȠȚ ĮȞĲȓıĲȠȚȤİȢ ıȤȑıİȚȢ (ȕȜ. ıȤ. 5.3) : 
 
 - ȖȚĮ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ : 
                                                       '321' pppsf ��                                              [5.2] 
 - ȖȚĮ ĲȠ įİȪĲİȡȠ ıĲȐįȚȠ : 
                                                       '321' pppsf ��                                              [5.3] 
 - ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ : 
                                                       '321' pppsf ��                                              [5.4] 

 
ȈȤȒȝĮ 5.3 : Ǿ ĮȞĲȚıĲȠȓȤȚıȘ ĲȦȞ ȣʌȠʌİįȓȦȞ ıĲȠ ȠȜȚțȩ ʌİįȓȠ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ 

 
 
ǻȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ʌİįȓȠȣ 
 
ȈĲȘȞ ıȣȞȑȤİȚĮ ȖȓȞİĲĮȚ Ș įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ʌİįȓȠȣ ıİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ. ǵʌȦȢ 
țĮȚ Ș İȚıĮȖȦȖȒ ĲȘȢ ȖİȦȝİĲȡȓĮȢ, ȑĲıȚ țĮȚ Ș įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ȤȦȡȓȠȣ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ 
ȐȝİıĮ ȝİ İĳĮȡȝȠȖȒ țĮĲȐȜȜȘȜȦȞ ȝİȞ, ʌȠȜȪʌȜȠțȦȞ įİ, İȟȚıȫıİȦȞ. ȍıĲȩıȠ İȓȞĮȚ İȣ-
țȠȜȩĲİȡȘ țĮȚ ʌȡȠĲȚȝȩĲİȡȘ Ș ĮȣĲȩȝĮĲȘ įȚĮțȡȚĲȠʌȠȓȘıȘ ȝİ ĲȘȞ İĳĮȡȝȠȖȒ ĲȘȢ İȞĲȠȜȒȢ 
‘initmesh’ Įʌȩ ĲȘ ȕȚȕȜȚȠșȒțȘ İȞĲȠȜȫȞ pdetool. ȆȪțȞȦıȘ ĲȠȣ ʌȜȑȖȝĮĲȠȢ įȪȞĮĲĮȚ ȞĮ 
ȖȓȞİȚ ȝİ ĲȘȞ İȞĲȠȜȒ ‘refinemesh’.  
 
Ǿ İȞĲȠȜȒ șȑĲİȚ ıİ İĳĮȡȝȠȖȒ ȑȞĮȞ ĮȜȖȩȡȚșȝȠ ĲȡȚȖȦȞȠʌȠȓȘıȘȢ ĲȠȣ Delaunay, įȚĮțȡȚ-
ĲȠʌȠȚȫȞĲĮȢ ĲȠ ȠȡȚıȝȑȞȠ ʌİįȓȠ ıİ ĲȡȚȖȦȞȚțȐ-ĲȡȚțȠȝȕȚțȐ ıĲȠȚȤİȓĮ (ȕȜ. ıȤ. 5.4). Ǿ 
įȚĮıĲĮıȚȠȜȩȖȘıȘ ĲȦȞ ĲȡȚȖȦȞȚțȫȞ ıĲȠȚȤİȓȦȞ İȟĮȡĲȐĲĮȚ Įʌȩ ȠȡȓıȝĮĲĮ İȚıȩįȠȣ ȩʌȦȢ 
İȓȞĮȚ Ș ĲȚȝȒ ĲȠȣ ȝȑȖȚıĲȠȣ ȝȒțȠȣȢ ʌȜİȣȡȐȢ ĲȡȚȖȦȞȚțȠȪ ıĲȠȚȤİȓȠȣ ‘Hmax’ țĮȚ Ƞ ȡȣșȝȩȢ 
ĮȞȐʌĲȣȟȘȢ ĲȠȣ ʌȜȑȖȝĮĲȠȢ ‘Hgrad’ Įʌȩ ĲĮ ıȪȞȠȡĮ ʌȡȠȢ ĲȠ İıȦĲİȡȚțȩ ĲȠȣ ʌİįȓȠȣ, Ƞ 
ȠʌȠȓȠȢ ȠȡȓȗİĲĮȚ Įʌȩ ĲȠȞ ȜȩȖȠ ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ țȩȝȕȦȞ ıĲĮ ıȪȞȠȡĮ ʌȡȠȢ ĲȠȞ ĮȡȚșȝȩ 
ĲȦȞ țȩȝȕȦȞ ʌȠȣ įȘȝȚȠȣȡȖȠȪȞĲĮȚ ıĲȠ İıȦĲİȡȚțȩ ĲȠȣ ʌİįȓȠȣ ȜĮȝȕȐȞȠȞĲĮȢ ĲȚȝȑȢ ȝİȖĮ-
ȜȪĲİȡİȢ Įʌȩ 1 țĮȚ ȝȚțȡȩĲİȡİȢ Įʌȩ 2.  
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ȈȤȒȝĮ 5.4 : ǻȚĮțȡȚĲȠʌȠȓȘıȘ ıİ ĲȡȚȖȦȞȚțȐ ıĲȠȚȤİȓĮ ȕȐıİȚ ĲȠȣ ĮȜȖȩȡȚșȝȠȣ Delaunay 

 
ȈĲȘȞ ʌİȡȓʌĲȦıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ ȝİ ĲȘȞ İțĲȑȜİıȘ ĲȘȢ İȞĲȠȜȒȢ ‘initmesh’, įİȞ țĮșȠȡȓ-
ȗȠȞĲĮȚ ĮȣĲȑȢ ȠȚ ʌĮȡȐȝİĲȡȠȚ, ĲȩĲİ ĲȠ ȝȑȖȚıĲȠ ȝȒțȠȢ ʌȜİȣȡȐȢ ĲȡȚȖȦȞȚțȠȪ ıĲȠȚȤİȓȠȣ 
İțĲȚȝȐĲĮȚ ĮȣĲȩȝĮĲĮ Įʌȩ ĲȠȞ ĮȜȖȩȡȚșȝȠ ĲȡȚȖȦȞȠʌȠȓȘıȘȢ ȖȚĮ įİįȠȝȑȞȘ İȟ’ȠȡȚıȝȠȪ ĲȚ-
ȝȒ ĲȠȣ ȡȣșȝȠȪ ĮȞȐʌĲȣȟȘȢ ʌȜȑȖȝĮĲȠȢ ʌȠȣ İȓȞĮȚ ȓıȘ ȝİ 1,3. Ǿ įȚĮțȡȚĲȠʌȠȓȘıȘ țȠȞĲȐ 
ıİ ĮȞȠȓȖȝĮĲĮ İȓȞĮȚ ʌȣțȞȩĲİȡȘ Įʌȩ ȩĲȚ ıİ ȐȜȜİȢ ʌİȡȚȠȤȑȢ ĲȠȣ ʌİįȓȠȣ (ȕȜ. § 4.4.5). 
 
Ȃİ İĳĮȡȝȠȖȒ ĲȘȢ İȞĲȠȜȒȢ ʌȡȠțȪʌĲȠȣȞ ĲȡİȚȢ ĮȡȚșȝȘĲȚțȠȓ ʌȓȞĮțİȢ, ȠȚ [p], [e] țĮȚ [t], ȠȚ 
ȠʌȠȓȠȚ țĮȚ ʌİȡȚȖȡȐĳȠȣȞ ĲȚȢ ʌĮȡĮȝȑĲȡȠȣȢ ĲȠȣ ʌȜȑȖȝĮĲȠȢ ĲȦȞ ĲȡȚȖȦȞȚțȫȞ ıĲȠȚȤİȓȦȞ 
ʌȠȣ ȑȤİȚ įȘȝȚȠȣȡȖȘșİȓ. 
 
ȅ ʌȓȞĮțĮȢ [p] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ țȩȝȕȦȞ ĲȠȣ ʌȜȑȖȝĮĲȠȢ. ǹʌȠĲİȜİȓĲĮȚ Įʌȩ įȪȠ 
ȖȡĮȝȝȑȢ țĮȚ ĲȩıİȢ ıĲȒȜİȢ ȩıȠȚ İȓȞĮȚ țĮȚ ȠȚ țȩȝȕȠȚ ĲȠȣ ʌȜȑȖȝĮĲȠȢ. ȈĲȘȞ ʌȡȫĲȘ ȖȡĮȝ-
ȝȒ ĲȠȣ ʌȓȞĮțĮ ʌİȡȚȑȤȠȞĲĮȚ ȠȚ ıȣȞĲİĲĮȖȝȑȞİȢ x ĲȦȞ ĮȞĲȚıĲȠȚȤȫȞ țȩȝȕȦȞ, İȞȫ ıĲȘȞ 
įİȪĲİȡȘ ȖȡĮȝȝȒ ʌİȡȚȑȤȠȞĲĮȚ ȠȚ ĮȞĲȓıĲȠȚȤİȢ ıȣȞĲİĲĮȖȝȑȞİȢ y. 
 
ȅ ʌȓȞĮțĮȢ [e] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ ĮțȝȫȞ (edges) ʌȠȣ įȘȝȚȠȣȡȖȒșȘțĮȞ țĮĲȐ ȝȒțȠȢ 
ĲȦȞ ĲȝȘȝȐĲȦȞ ĲȦȞ ıȣȞȩȡȦȞ, țĮȚ ȠȚ ȠʌȠȓİȢ ĮțȝȑȢ İȓȞĮȚ ıĲȘȞ ȠȣıȓĮ ʌȜİȣȡȑȢ ĲȡȚȖȦȞȚ-
țȫȞ ıĲȠȚȤİȓȦȞ ʌȠȣ İĳȐʌĲȠȞĲĮȚ İʌȓ ĲȦȞ ĲȝȘȝȐĲȦȞ ĲȦȞ ıȣȞȩȡȦȞ. ȅ ʌȓȞĮțĮȢ ĮʌȠĲİȜİȓ-
ĲĮȚ Įʌȩ İʌĲȐ ȖȡĮȝȝȑȢ țĮȚ ĲȩıİȢ ıĲȒȜİȢ ȩıİȢ İȓȞĮȚ ȠȚ įȘȝȚȠȣȡȖȘșȒıİȢ ĮțȝȑȢ İʌȓ ĲȦȞ 
ıȣȞȩȡȦȞ ĲȠȣ ʌİįȓȠȣ (Ș țȐșİ ıĲȒȜȘ ĮȞĲȚıĲȠȚȤİȓ ıİ ȝȚĮ ıȣȖțİțȡȚȝȑȞȘ ĮțȝȒ).  
 
ȈĲȘ ʌȡȫĲȘ țĮȚ įİȪĲİȡȘ ȖȡĮȝȝȒ țȐșİ ıĲȒȜȘȢ, ʌİȡȚȑȤȠȞĲĮȚ ĮțȑȡĮȚȠȚ ĮȡȚșȝȠȓ, įİȓțĲİȢ 
ĲȦȞ țȩȝȕȦȞ ʌȠȣ țĮĲĮȜĮȝȕȐȞȠȣȞ ĲĮ įȪȠ ȐțȡĮ ĲȘȢ ĮȞĲȓıĲȠȚȤȘȢ ĮțȝȒȢ, țĮȚ ĮȞĲȚıĲȠȚ-
ȤȠȪȞ ıİ ĮȪȟȠȞĲİȢ ĮȡȚșȝȠȪȢ ıĲȘȜȫȞ ĲȠȣ ʌȓȞĮțĮ [p].  ȈĲȘȞ ĲȡȓĲȘ țĮȚ ĲȑĲĮȡĲȘ ȖȡĮȝȝȒ 
țȐșİ ıĲȒȜȘȢ ʌİȡȚȑȤȠȞĲĮȚ ĲȚȝȑȢ ȖȚĮ ĲĮ ȐțȡĮ ĲȘȢ ĮȞĲȓıĲȠȚȤȘȢ ĮțȝȒȢ ȝİĲĮȟȪ 0 țĮȚ 1, ȠȚ 
ȠʌȠȓİȢ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȚȢ ıȤİĲȚțȑȢ ĮʌȠıĲȐıİȚȢ ĲȦȞ ȐțȡȦȞ ĮȣĲȫȞ Įʌȩ ĲȠ țȑȞĲȡȠ ĲȠȣ 
ĮȞĲȓıĲȠȚȤȠȣ ĲȡȚȖȦȞȚțȠȪ ıĲȠȚȤİȓȠȣ țĮȚ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȫȢ ıȣȞĲİȜİıĲȑȢ ʌĮȡİȝȕȠȜȒȢ. 
ȈĲȘȞ ʌȑȝʌĲȘ ȖȡĮȝȝȒ ʌİȡȚȑȤİĲĮȚ Ƞ ĮȪȟȦȞ ĮȡȚșȝȩȢ ĲȠȣ ĲȝȒȝĮĲȠȢ ĲȠȣ ıȣȞȩȡȠȣ ıĲȠ Ƞ-
ʌȠȓȠ ĮȞȒțİȚ Ș ĮȞĲȓıĲȠȚȤȘ, ȝİ ĲȘȞ ıĲȒȜȘ, ĮțȝȒ țĮȚ Ƞ ȠʌȠȓȠȢ ĮȞĲȚıĲȠȚȤİȓ ıİ ĮȡȚșȝȩ 
ıĲȒȜȘȢ ĲȠȣ ʌȓȞĮțĮ ȖİȦȝİĲȡȓĮȢ [g]. ȈĲȘȞ ȑțĲȘ țĮȚ ȑȕįȠȝȘ ȖȡĮȝȝȒ, ʌİȡȚȑȤȠȞĲĮȚ ȠȚ ĮȪ-
ȟȠȞĲİȢ ĮȡȚșȝȠȓ ĲȦȞ ȣʌȠʌİįȓȦȞ ĲĮ ȠʌȠȓĮ įȚĮȤȦȡȓȗȠȞĲĮȚ Įʌȩ ĲȘȞ ĮțȝȒ, ȝİ ĲȘ șȑıȘ ĲȠȣ 
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ȝȘįİȞȚțȠȪ ĮȪȟȠȞĲĮ ĮȡȚșȝȠȪ ȞĮ țĮșȠȡȓȗİȚ țĮĲȐ ĮȞȐȜȠȖȠ, ȝİ ĲȠȞ ʌȓȞĮțĮ ȖİȦȝİĲȡȓĮȢ, 
ĲȡȩʌȠ ĲȠ ĮȞ Ș ĮțȝȒ ĮȞȒțİȚ ıİ İȟȦĲİȡȚțȩ ıȪȞȠȡȠ Ȓ ʌİȡȓȖȡĮȝȝĮ ȠʌȒȢ. 
ȅ ʌȓȞĮțĮȢ [t] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ ĲȡȚȖȦȞȚțȫȞ ıĲȠȚȤİȓȦȞ ʌȠȣ ıȣȞșȑĲȠȣȞ ĲȠ ʌȜȑȖȝĮ. 
ǹʌȠĲİȜİȓĲĮȚ Įʌȩ ĲȑııİȡȚȢ ȖȡĮȝȝȑȢ țĮȚ ĮȡȚșȝȩ ıĲȘȜȫȞ ĮȞĲȓıĲȠȚȤȠ ȝİ ĲĮ ıĲȠȚȤİȓĮ. 
ȈĲȚȢ ĲȡİȚȢ ʌȡȫĲİȢ ȖȡĮȝȝȑȢ țȐșİ ıĲȒȜȘȢ, ʌİȡȚȑȤȠȞĲĮȚ ȠȚ įİȓțĲİȢ ĲȦȞ țȩȝȕȦȞ (ĮȪȟȠ-
ȞĲİȢ ĮȡȚșȝȠȓ ıĲȘȜȫȞ ĲȠȣ ʌȓȞĮțĮ p) ʌȠȣ țĮĲĮȜĮȝȕȐȞȠȣȞ ĲȚȢ țȠȡȣĳȑȢ ĲȠȣ ĲȡȚȖȦȞȚțȠȪ 
ıĲȠȚȤİȓȠȣ (ıĲȠ ȠʌȠȓȠ ĮȞĲȚıĲȠȚȤİȓ Ș ıȣȖțİțȡȚȝȑȞȘ ıĲȒȜȘ) ȝİ ĳȠȡȐ ĮȡȓșȝȘıȘȢ ʌĮȡȐȜ-
ȜȘȜȘ ȝİ ĲȘ ĳȠȡȐ țȓȞȘıȘȢ ĲȦȞ įİȚțĲȫȞ ĲȠȣ ȡȠȜȠȖȚȠȪ. Ǿ ĲİĲȐȡĲȘ ȖȡĮȝȝȒ ĲȘȢ țȐșİ 
ıĲȒȜȘȢ ĲȠȣ ʌȓȞĮțĮ, ʌİȡȚȑȤİȚ ĲȠȞ ĮȪȟȠȞĲĮ ĮȡȚșȝȩ ȣʌȠʌİįȓȠȣ ıĲȠ ȠʌȠȓȠ ĮȞȒțİȚ ĲȠ ĲȡȚ-
ȖȦȞȚțȩ ıĲȠȚȤİȓȠ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȘ ıĲȒȜȘ ĮȣĲȒ. ǼȞȞȠİȓĲĮȚ ĳȣıȚțȐ ȩĲȚ Ș țĮĲĮȤȫȡȚıȘ 
ıĲȘȞ ĲȑĲĮȡĲȘ ıĲȒȜȘ įİȞ ȝʌȠȡİȓ ȞĮ İȓȞĮȚ ȝȘįȑȞ, įȚȩĲȚ ȝȘįİȞȚțȩȢ ĮȪȟȦȞ ĮȡȚșȝȩȢ ȣʌȠ-
ʌİįȓȠȣ, ĮȞĲȚıĲȠȚȤİȓ ıİ țİȞȩ İȞĲȩȢ ĲȠȣ ȠʌȠȓȠȣ įİȞ įȘȝȚȠȣȡȖİȓĲĮȚ ʌȜȑȖȝĮ ıĲȠȚȤİȓȦȞ. 
 
ǼȚıĮȖȦȖȒ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ 
 
Ȉİ ĮȣĲȩ ĲȠ ıĲȐįȚȠ İȚıȐȖȠȞĲĮȚ İʌȓıȘȢ ȠȚ ĮȡȤȚțȑȢ țĮȚ ȠȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ĲȠȣ 
ʌȡȠȕȜȒȝĮĲȠȢ ʌȠȣ ȝʌȠȡİȓ ȞĮ ȝȘȞ ȤĮȡĮțĲȘȡȓȗȠȣȞ ĲȚȢ ȚįȚȩĲȘĲİȢ ĮȣĲȠȪ țĮș’ĮȣĲȠȪ ĲȠȣ 
ʌİįȓȠȣ, ĮȜȜȐ ĮʌȠĲİȜȠȪȞ ȕĮıȚțȐ ıȣıĲĮĲȚțȐ ȖȚĮ ĲȠȞ ʌȜȒȡȘ ȠȡȚıȝȩ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ 
ȑĲıȚ ȫıĲİ ȞĮ ʌȡȠțȪȥİȚ ȑȞĮ ȠȜȠțȜȘȡȦȝȑȞȠ ĮȡȚșȝȘĲȚțȩ ȝȠȞĲȑȜȠ Ș İʌȓȜȣıȘ ĲȠȣ ȠʌȠȓȠȣ 
ȠįȘȖİȓ ĲİȜȚțȐ ıĲȘ ȜȪıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ʌİįȓȠȣ ʌȠȣ İȟİĲȐȗİĲĮȚ. Ǿ İȚıĮȖȦȖȒ ĲȦȞ 
ıȣȞșȘțȫȞ İʌȚĲȣȖȤȐȞİĲĮȚ ȝİ ĲȘȞ ȤȡȒıȘ İȟȦĲİȡȚțȫȞ ĮȡȤİȓȦȞ țȫįȚțĮ (m-files) ĲĮ 
ȠʌȠȓĮ ȑȤȠȣȞ ȖȡĮĳĲİȓ țĮȚ ĮʌȠșȘțİȣĲİȓ ıĲȠ ʌİȡȚȕȐȜȜȠȞ ĲȠȣ MATLAB. Ȉİ țȐșİ ıĲȐįȚȠ 
İțıțĮĳȒȢ İȚıȐȖȠȞĲĮȚ ȠȚ țĮĲȐȜȜȘȜİȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ 
ȝȠȞĲȑȜȠȣ. 
 
ȅȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ ʌİȡȚȜĮȝȕȐȞȠȣȞ, ȩʌȦȢ ĮȞĮȜȪșȘțİ ıĲȘȞ șİȦȡȓĮ ĲȦȞ ʌİʌİȡĮ-
ıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ, ĲȚȢ İȟȦĲİȡȚțȑȢ įȣȞȐȝİȚȢ (load) ʌȠȣ İĳĮȡȝȩȗȠȞĲĮȚ ıĲȠ ʌȡȩȕȜȘȝĮ 
țĮȚ ĲȚȢ ıȣȞșȒțİȢ ȚıȠȡȡȠʌȓĮȢ ĲȠȣ ʌİįȓȠȣ (ʌȤ. ĮȖțȪȡȦıȘ țĮĲȫĲİȡȦȞ Ȓ / țĮȚ ʌȜİȣȡȚțȫȞ 
țȩȝȕȦȞ, țȜʌ). ǼʌȚȖȡĮȝȝĮĲȚțȐ, ȠȚ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ İȓȞĮȚ ȠȚ ȖİȦȝİĲȡȚțȑȢ 
(Dirichlet), ȠȚ ĳȣıȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ (Neumann) țĮȚ Ƞ ıȣȞįȣĮıȝȩȢ ĲȦȞ 
įȣȠ[19]. 
 
ȈȣȞșȒțİȢ Dirichlet 
 
ȅȚ ȖİȦȝİĲȡȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ (Dirichlet) ıĲȠȞ ʌȡȠȖȡĮȝȝĮĲȚıȝȩ ĲȦȞ ʌİʌİȡĮ-
ıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ, ȖȚĮ įȚıįȚȐıĲĮĲĮ ʌȡȠȕȜȒȝĮĲĮ ȖİȦȝȘȤĮȞȚțȒȢ, ʌȡȠıįȚȠȡȓȗȠȣȞ ĲȘȞ 
ȝİĲĮĲȩʌȚıȘ țȩȝȕȦȞ ıİ ıȘȝİȓĮ, ıİ ıȪȞȠȜȠ ıȘȝİȓȦȞ, Ȓ ıİ ĲȝȒȝĮĲĮ ıȣȞȩȡȦȞ ĲȠȣ ʌİ-
įȓȠȣ İʌȓȜȣıȘȢ. ȈȣȞȒșȘȢ İĳĮȡȝȠȖȒ ĲȠȣȢ İȓȞĮȚ Ƞ ȝȘįİȞȚıȝȩȢ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ ıİ 
ĲȝȒȝĮĲĮ ıȣȞȩȡȦȞ ĲȠȣ ʌȜȑȖȝĮĲȠȢ. ȅȡȓȗȠȞĲĮȚ, ȖȚĮ ʌĮȡȐįİȚȖȝĮ, ȫȢ : 
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                                    [5.5] 

 
ıİ ıȣȖțİțȡȚȝȑȞĮ ȖȡĮȝȝȚțȐ ĲȝȒȝĮĲĮ (segments). ȅȚ įİȓțĲİȢ ‘beg’ țĮȚ ‘end’ ıĲȘȞ 

ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ ȠȡȓȗȠȞĲĮȚ ıȪȝĳȦȞĮ ȝİ ĲȠȞ ȖİȦȝİĲȡȚțȩ ʌȓȞĮțĮ țĮȚ İțĳȡȐȗȠȣȞ ĲȠ 
ĮȡȤȚțȩ țĮȚ ĲİȜȚțȩ țȠȝȕȚțȩ ıȘȝİȓȠ țȐșİ ȖȡĮȝȝȚțȠȪ ĲȝȒȝĮĲȠȢ ĮȞĲȓıĲȠȚȤĮ. Ǿ İĳĮȡ-

ȝȠȖȒ, ıȣȞİʌȫȢ, ĲȦȞ İȞĲȠȜȫȞ İȓȞĮȚ Ș ȝȘįİȞȚțȒ ȝİĲĮĲȩʌȚıȘ Įʌȩ ĲȠ ĮȡȤȚțȩ ȝȑȤȡȚ țĮȚ ĲȠ 
ĲİȜȚțȩ ıȘȝİȓȠ țĮĲȐ ĲȠȞ ȐȟȠȞĮ ĲȦȞ x Ȓ ĲȠȞ ȐȟȠȞĮ ĲȦȞ y ĮȞĲȓıĲȠȚȤĮ. 
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ȈȣȞșȒțİȢ Neumann 
 
ȅȚ ĳȣıȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ (Neumann) ıĲȠȞ ʌȡȠȖȡĮȝȝĮĲȚıȝȩ ĲȦȞ ʌİʌİȡĮıȝȑ-
ȞȦȞ ıĲȠȚȤİȓȦȞ, ȖȚĮ įȚıįȚȐıĲĮĲĮ ʌȡȠȕȜȒȝĮĲĮ ȖİȦȝȘȤĮȞȚțȒȢ, ʌȡȠıįȚȠȡȓȗȠȣȞ ĲȘȞ ʌĮȡȐ-
ȖȦȖȠ ĲȘȢ ȝİĲĮĲȩʌȚıȘȢ țȩȝȕȦȞ ıİ ıȘȝİȓĮ, ıİ ĲȝȒȝĮĲĮ ıȣȞȩȡȦȞ ĲȠȣ ʌİįȓȠȣ İʌȓȜȣıȘȢ. 
 
ĭȣıȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ İȓȞĮȚ Ș ĳȩȡĲȚıȘ ĲȠȣ İțȐıĲȠĲİ ȣȜȚțȠȪ ȝİ ıȘȝİȚĮțȑȢ įȣ-
ȞȐȝİȚȢ Ȓ įȣȞȐȝİȚȢ țĮĲĮȞİȝȘȝȑȞȘȢ ĳȩȡĲȚıȘȢ İʌȓ ȝȒțȠȢ ıȣȞȩȡȠȣ. Ǿ ıȘȝİȚĮțȒ ĳȩȡĲȚıȘ 
ıİ ȑȞĮȞ țȩȝȕȠ ıĲȠȚȤİȓȠȣ ĲȠȣ ʌİįȓȠȣ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ȠȡȓȗİĲĮȚ, ȖȚĮ ʌĮȡȐįİȚȖȝĮ, ȦȢ : 
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                                                         [5.6] 

 
Ȃİ țĮĲȐȜȜȘȜȠ ıȪıĲȘȝĮ İȟȚıȫıİȦȞ ȠȚ įȣȞȐȝİȚȢ ĮȣĲȑȢ ȝʌȠȡȠȪȞ ȞĮ İĳĮȡȝȠıĲȠȪȞ ıİ 
țȐșİ țȩȝȕȠ țȐșİ ıĲȠȚȤİȓȠȣ ĲȠȣ ʌİįȓȠȣ Ȓ ıĲȠ țȑȞĲȡȠ ȕȐȡȠȣȢ țȐșİ ıĲȠȚȤİȓȠȣ ĲȠȣ ʌȜȑ-
ȖȝĮĲȠȢ. ǹȞĲȓıĲȠȚȤĮ ȝİ ĲȚȢ ȖİȦȝİĲȡȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ, ıİ țȐșİ ıĲȐįȚȠ İțıțĮ-
ĳȒȢ İȚıȐȖȠȞĲĮȚ ȠȚ țĮĲȐȜȜȘȜİȢ ıȣȞșȒțİȢ Neumann ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ. 
 
 
ȆĮȡȐȝİĲȡȠȚ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ 
 
ȉȑȜȠȢ, ȠȚ ʌĮȡȐȝİĲȡȠȚ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, ȠȚ ȚįȚȠĲȚȝȑȢ ĲȠȣ ȣȜȚțȠȪ, ȝʌȠȡȠȪȞ ȞĮ İȚıĮȤ-
șȠȪȞ ıĲȘȞ ĮȡȤȒ ĲȠȣ țȫįȚțĮ Ȓ įȪȞĮĲĮȚ ȞĮ țĮȜİȚĲĮȚ Ƞ ȤȡȒıĲȘȢ ȞĮ ĲȚȢ İȚıȐȖİȚ țĮĲȐ ĲȘȞ 
İĳĮȡȝȠȖȒ ĲȠȣ ʌȡȠȖȡȐȝȝĮĲȠȢ. Ǿ įİȪĲİȡȘ İțįȠȤȒ İȓȞĮȚ ʌȡȠĲȚȝȩĲİȡȘ, įȓȞȠȞĲĮȢ ıĲȠȞ 
ȤȡȒıĲȘ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ȞĮ İȚıȐȖİȚ įȚĮĳȠȡİĲȚțȑȢ ĲȚȝȑȢ ıĲȚȢ ʌĮȡĮȝȑĲȡȠȣȢ, ʌȡȠıĮȡ-
ȝȩȗȠȞĲĮȢ ĲȠ ʌȡȩȕȜȘȝĮ ıĲĮ İțȐıĲȠĲİ ȗȘĲȠȪȝİȞĮ. ȅȚ ĲȚȝȑȢ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ İȚıȐȖȠ-
ȞĲĮȚ İȟȦĲİȡȚțȐ ĲȠȣ ĮȡȤİȓȠȣ ȝİ ĲȘȞ ȤȡȒıȘ ıĲȠ ĮȡȤİȓȠ ĲȘȢ İȞĲȠȜȒȢ ‘input’ ȩʌȠȣ ĲȠ 
ʌȡȩȖȡĮȝȝĮ țĮȜİȓ ĲȠȞ ȤȡȒıĲȘ ȞĮ ĲȚȢ İȚıȐȖİȚ. ȅȚ ʌĮȡȐȝİĲȡȠȚ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ʌȠȣ 
ȝİȜİĲȐĲĮȚ ıĲȘȞ İȡȖĮıȓĮ ĮȣĲȒ İȓȞĮȚ : 
 
x ȉȠ ȝȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ (Ǽ) ĲȠȣ Young ıİ MPa 
x ȅ ȜȩȖȠȢ ĲȠȣ Poisson (v) 
x ȉȠ İȚįȚțȩ ȕȐȡȠȢ ĲȠȣ ȣȜȚțȠȪ (Ȗ) ıİ MN/m3 
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ȈĲȐįȚȠ ȀȪȡȚĮȢ ǼʌİȟİȡȖĮıȓĮȢ  
 
ȅȚ ĲȚȝȑȢ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ ĲȠȣ ʌȜȑȖȝĮĲȠȢ țĮȚ Ƞ ʌȓȞĮțĮȢ ȖİȦȝİĲȡȓĮȢ, ĮʌȠĲİȜȠȪȞ ĲȘȞ 

ȖİȦȝİĲȡȚțȒ ȕȐıȘ įİįȠȝȑȞȦȞ ĲȠȣ ĮȡȚșȝȘĲȚțȠȪ ȝȠȞĲȑȜȠȣ. Ǿ ʌȜȘȡȠĳȠȡȓĮ, ȦıĲȩıȠ, ʌȠȣ 
ʌĮȡȑȤİĲĮȚ Įʌȩ ĲȠ ıȪıĲȘȝĮ ĲȦȞ ʌĮȡĮȝİĲȡȚțȫȞ ʌȚȞȐțȦȞ, įİȞ İʌĮȡțİȓ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ 
ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. ǹʌĮȚĲȠȪȞĲĮȚ İʌȚʌȜȑȠȞ ȠȚ ȝĮșȘȝĮĲȚțȑȢ İȟȚıȫıİȚȢ țĮȚ ȠȚ ʌĮȡȐȝİĲȡȠȚ 
ĮȣĲȫȞ, ʌȠȣ ıȤİĲȓȗȠȞĲĮȚ ȝİ ĲȠ țȐșİ ıĲȠȚȤİȓȠ ĲȠȣ ʌİįȓȠȣ țĮȚ ȣʌİȚıȑȡȤȠȞĲĮȚ ıĲȘȞ įȚĮĲȪ-
ʌȦıȘ ĲȦȞ İȟȚıȫıİȦȞ įȚĮțȡȚĲȠʌȠȓȘıȘȢ țĮȚ ıĲȘȞ İʌȓȜȣıȘ ĲȠȣȢ ȫıĲİ ȞĮ ʌȡȠțȪȥİȚ Ș Ĳİ-

ȜȚțȒ ȜȪıȘ. ȅȚ ʌĮȡȐȝİĲȡȠȚ ĮȣĲȑȢ İȓȞĮȚ ȠȚ İȟȒȢ: 
 

x ȅȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ 
x ȅȚ ȕĮșȝȓįİȢ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ 

 
ȊʌȑȡșİıȘ ȝİĲĮȟȪ ĲȦȞ ıĲĮįȓȦȞ 
 
ȈĲȠ ıȘȝİȓȠ ĮȣĲȩ, ıĲȠȞ ĮȜȖȩȡȚșȝȠ, ȣʌİȚıȑȡȤİĲĮȚ Ș ʌȡȠȣʌȠșİĲȒ ĮʌȩĳĮȞıȘ if , Ș ȠʌȠȓĮ 
İȞĲȠʌȓȗİȚ ıİ ʌȠȚȠ ıĲȐįȚȠ İțıțĮĳȒȢ İĳĮȡȝȩȗȠȞĲĮȚ ȠȚ ȣʌȠȜȠȖȚıȝȠȓ ĲȦȞ ȝȘĲȡȫȦȞ țĮȚ 
ĲȦȞ įȚĮȞȣıȝȐĲȦȞ. 
 
ǹȞ İȟİĲȐȗİĲĮȚ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ, ĲȩĲİ įȓȞİĲĮȚ Ș İȞĲȠȜȒ ȖȚĮ ĲȘȞ țĮĲȐıĲȡȦıȘ 
ĲȦȞ ıȣȞĮȡĲȒıİȦȞ. īȓȞİĲĮȚ İʌȓȜȣıȘ ĲȦȞ İȟȚıȫıİȦȞ țĮȚ ĮʌȠșȘțİȪȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȦȞ 
ĮʌȠĲİȜİıȝȐĲȦȞ. ȉĮ İȟĮȖȩȝİȞĮ ĮʌȠĲİȜȑıȝĮĲĮ İȓȞĮȚ ȠȚ ĲȐıİȚȢ (ıij), ȠȚ ĲȡȠʌȑȢ (İij), ȠȚ 
ȝİĲĮĲȠʌȓıİȚȢ (uij) țĮȚ ȠȚ țȠȝȕȚțȑȢ įȣȞȐȝİȚȢ (nodal forces). 
 
ǹȞ ĲȠ ıĲȐįȚȠ İȓȞĮȚ ȐȜȜȠ Įʌȩ ĲȠ ʌȡȫĲȠ, ĲȩĲİ ȜĮȝȕȐȞİȚ ʌȡȫĲĮ ȤȫȡĮ Ș ĮȞĲȚıĲȠȓȤȚıȘ 
ĲȦȞ țȩȝȕȦȞ ĲȠȣ ʌȡȠȘȖȠȪȝİȞȠȣ ıĲĮįȓȠȣ ȝİ ĲȠȣȢ țȩȝȕȠȣȢ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ. Ǿ 
įȚĮįȚțĮıȓĮ ĮȣĲȒ țĮȜİȓĲĮȚ ȣʌȑȡșİıȘ ȝİĲĮȟȪ ĲȦȞ ıĲĮįȓȦȞ. Ǿ ĮȞĲȚıĲȠȓȤȚıȘ ȖȓȞİĲĮȚ įȚȩĲȚ 
ĮʌȠ ıĲȐįȚȠ ıİ ıĲȐįȚȠ Ș ȖİȦȝİĲȡȓĮ ĲȠȣ ʌİįȓȠȣ ĮȜȜȐȗİȚ (ȕȜ. § 5.3.2), țȐʌȠȚĮ ıĲȠȚȤİȓĮ 
ĮĳĮȚȡȠȪȞĲĮȚ Įʌȩ ĲȠ ʌȜȑȖȝĮ ĲȠȣ ʌİįȓȠȣ İʌȓȜȣıȘȢ, ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ĮȜȜȐȗİȚ țĮȚ Ș 
ĮȡȓșȝȘıȘ ĲȦȞ țȩȝȕȦȞ ĲȦȞ ȣʌȩȜȠȚʌȦȞ ıĲȠȚȤİȓȦȞ ıİ ıȤȑıȘ ȝİ ĲȘȞ ĮȞĲȓıĲȠȚȤȘ 
ĮȡȓșȝȘıȘ ĮȣĲȫȞ ıĲȠ ʌȡȠȘȖȠȪȝİȞȠ ıĲȐįȚȠ. 
 
ȈĲȠ ȞȑȠ ıĲȐįȚȠ, ʌȡȚȞ Įʌȩ țȐșİ ȣʌȠȜȠȖȚıȝȩ, ȠȚ țȩȝȕȠȚ ĲȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ įİȞ ĮĳĮȚȡȑ-
șȘțĮȞ, ȕȡȓıțȠȞĲĮȚ ıĲȘȞ ĮȡȤȚțȒ ĲȠȣȢ șȑıȘ. ȈĲȠȣȢ țȩȝȕȠȣȢ ĮȣĲȠȪȢ ȖȓȞİĲĮȚ İĳĮȡȝȠȖȒ 
ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ĲȦȞ ȝİĲĮȕȠȜȫȞ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ Įʌȩ ĲȠ ʌȡȠȘȖȠȪȝİȞȠ ıĲȐįȚȠ, 
ȫıĲİ Ș İʌȓȜȣıȘ ȞĮ ȟİțȚȞȒıİȚ Įʌȩ İțİȓ ʌȠȣ ıĲĮȝȐĲȘıİ ıĲȠ ʌȡȠȘȖȠȪȝİȞȠ ıĲȐįȚȠ. 
 
ǹʌȩ ĲȚȢ ȝİĲĮȕȠȜȑȢ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ (ǻUij) ȣʌȠȜȠȖȓȗȠȞĲĮȚ ȠȚ ĲȐıİȚȢ, ȠȚ ĲȡȠʌȑȢ țĮȚ ȠȚ 
țȠȝȕȚțȑȢ įȣȞȐȝİȚȢ ıİ İʌȓʌİįȠ ıĲȠȚȤİȓȠȣ. ȅȚ ĲȚȝȑȢ ĮȣĲȑȢ İĳĮȡȝȩȗȠȞĲĮȚ ıĲȠȣȢ 
ĮȞĲȓıĲȠȚȤȠȣȢ țȩȝȕȠȣȢ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ țĮȚ ĮșȡȠȓȗȠȞĲĮȚ ıĲȚȢ ȞȑİȢ ĲȚȝȑȢ ʌȠȣ 
ʌȡȠțȪʌĲȠȣȞ Įʌȩ ĲȘȞ ȞİĮ İʌȓȜȣıȘ ĲȠȣ ĲȡȑȤȠȞĲȠȢ ıĲĮįȓȠȣ. ȅ ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ȝİĲĮ-
ȕȜȘĲȫȞ ʌȠȣ ĮȞİĳȑȡșȘıĮȞ, ĮȞĮȜȪİĲĮȚ ıĲȚȢ İʌȩȝİȞİȢ İȞȩĲȘĲİȢ. 
 
 
ȊʌȠȜȠȖȚıȝȩȢ țĮȚ ıȣȞĮȡȝȠȜȠȖȒ įȚĮȞȣıȝȐĲȦȞ țĮȚ ȝȘĲȡȫȦȞ  
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ȅȚ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ, ʌȠȣ ʌİȡȚȖȡȐĳȘıĮȞ ıİ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ, ȤȡȘıȚȝȠʌȠȚ-
ȠȪȞĲĮȚ ıĲȘȞ ıȣȖțȡȩĲȘıȘ ĲȦȞ įȚĮȞȣıȝȐĲȦȞ țĮȚ ĲȦȞ ȝȘĲȡȫȦȞ ʌȠȣ įȚȑʌȠȣȞ țȐșİ ıĲȠȚ-
ȤİȓȠ ȟİȤȦȡȚıĲȐ. Ǿ İĳĮȡȝȠȖȒ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ ȝİ ĲĮ įİįȠ-
ȝȑȞĮ  İȚıȩįȠȣ ȠįȘȖİȓ ıĲȘȞ țĮĲĮıțİȣȒ ĲȦȞ įȚĮȞȣıȝȐĲȦȞ țĮȚ ȝȘĲȡȫȦȞ țȐșİ İȞȠȢ 
ıĲȠȚȤİȓȠȣ, ĲĮ ȠʌȠȓĮ, İȞ ıȣȞİȤİȓĮ, ıȣȞĮȡȝȠȜȠȖȠȪȞĲĮȚ ȫıĲİ ȞĮ ʌȡȠțȪȥİȚ ĲȠ țĮșȠȜȚțȩ 
įȓĮȞȣıȝĮ țĮȚ ȝȘĲȡȫȠ ĲȠȣ ȕȒȝĮĲȠȢ ĳȩȡĲȚıȘȢ. īȚĮ ĲȠȞ ȜȩȖȠ ĮȣĲȩ șĮ ʌȡȑʌİȚ ȞĮ țĮșȠȡȚ-
ıĲİȓ ʌȠȣ ʌȡȑʌİȚ ȞĮ ĲȠʌȠșİĲȘșİȓ ĲȠ ȝȘĲȡȫȠ țȐșİ ıĲȠȚȤİȓȠȣ ıĲȠ țĮșȠȜȚțȩ ıȪıĲȘȝĮ. ȉĮ 
įȚĮȞȪıȝĮĲĮ țĮȚ ȝȘĲȡȫĮ ʌȠȣ ʌȡȑʌİȚ ȞĮ ȣʌȠȜȠȖȚıĲȠȪȞ İȓȞĮȚ ĲĮ İȟȒȢ : 
 
x ȆȓȞĮțĮȢ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ (N matrix) 
x ȆȓȞĮțĮȢ ıȣȞĲİȜİıĲȫȞ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ (Shape Matrix) 
x ȆȓȞĮțĮȢ ıȣȞĲİȜİıĲȫȞ ĲȦȞ ȕĮșȝȓįȦȞ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ (B matrix) 
x ǿĮțȦȕȚĮȞȩȢ ʌȓȞĮțĮȢ ĮȜȜĮȖȒȢ ıȣıĲȒȝĮĲȠȢ ıȣȞĲİĲĮȖȝȑȞȦȞ (Jacob) 
x ȅ ʌȓȞĮțĮȢ ĮțĮȝȥȓĮȢ ĲȠȣ ʌİįȓȠȣ İʌȓȜȣıȘȢ (Stiffness matrix) 
x ȉȠ įȚȐȞȣıȝĮ ĳȩȡĲȚıȘȢ ĲȠȣ ʌİįȓȠȣ İʌȓȜȣıȘȢ (Load Vector) 

 
ȅ ʌȓȞĮțĮȢ ‘N matrix’ İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡĳȒȢ ʌȠȣ įȚȑʌȠȣȞ ĲȠ ʌȡȩ-
ȕȜȘȝĮ. ȆİȡȚȑȤİȚ ĲȚȢ ıȣȞĮȡĲȒıİȚȢ ȝȠȡĳȒȢ ȖȚĮ țȐșİ țȩȝȕȠ ĲȠȣ ıĲȠȚȤİȓȠȣ. īȚĮ ĲȡȚȖȦ-
ȞȚțȩ – ĲȡȚțȠȝȕȚțȩ ıĲȠȚȤİȓȠ Ƞ ʌȓȞĮțĮȢ ĮȣĲȩȢ ȑȤİȚ įȚĮıĲȐıİȚȢ 6 x 2 țĮȚ ȑȤİȚ ĲȘȞ ȝȠȡĳȒ : 

[5.7] 
 

ȅ ʌȓȞĮțĮȢ ‘Shape Matrix’, ĮȞĲȚıĲȠȚȤȓȗİȚ ĲİĲȡĮȖȦȞȚțȠȪȢ ȣʌȠʌȓȞĮțİȢ ıİ ȩȜĮ ĲĮ ıĲȠȚ-
ȤİȓĮ ĲȠȣ ʌİįȓȠȣ, ʌȠȣ ʌİȡȓİȤȠȣȞ ĲȠȣȢ ıȣȞĲȑȜİıĲİȢ ĲȦȞ ȩȡȦȞ ĲȦȞ ıȣȞĮȡĲȒıİȦȞ ȝȠȡ-
ĳȒȢ ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ ıĲȠȚȤİȓȠȣ.                                              
 
ȅ ʌȓȞĮțĮȢ ‘B matrix’ ĮȞĲȚıĲȠȚȤȓȗİȚ ıİ ȩȜĮ ĲĮ ıĲȠȚȤİȓĮ ĲȠȣ ʌİįȓȠȣ ĮȞĲȓıĲȠȚȤȠȣȢ ĲİĲȡĮ-
ȖȦȞȚțȠȪȢ ȣʌȩʌȓȞĮțİȢ (2 x 6) ĲȦȞ ıȣȞĲİȜİıĲȦȞ ĲȦȞ ȩȡȦȞ ĲȦȞ ȕĮșȝȓįȦȞ ĲȦȞ ıȣȞĮȡ-
ĲȒıİȦȞ ȝȠȡĳȒȢ.  
 
ȅ ʌȓȞĮțĮȢ ‘Jacob’ ĮȞĲȚıĲȠȚȤȓȗİȚ ĲȠȞ ǿĮțȦȕȚĮȞȩ ʌȓȞĮțĮ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȠȣ ıĲȠȚ-
ȤİȓȠȣ Įʌȩ ĲȠ ȖİȞȚțȩ ȀĮȡĲİıȚĮȞȩ ıȪıĲȘȝĮ ıȣȞĲİĲĮȖȝȑȞȦȞ (x, y) ıĲȠ ĲȠʌȚțȩ ıȪıĲȘȝĮ 
ıȣȞĲİĲĮȖȝȑȞȦȞ (ȟ, Ș) ĲȠȣ ıĲȠȚȤİȓȠȣ. 
 
ȅ ʌȓȞĮțĮȢ ‘stiffness matrix’ ĲȠȣ ʌİįȓȠȣ ʌİȡȚȑȤİȚ ȣʌȠʌȓȞĮțİȢ ĮțĮȝȥȓĮȢ ȖȚĮ țȐșİ ıĲȠȚ-
ȤİȓȠ ȟİȤȦȡȚıĲȐ. ȅȚ ȣʌȠʌȓȞĮțİȢ ĮȣĲȠȓ İȚȞĮȚ ĲİĲȡĮȖȦȞȚțȠȓ (6 x 6). Ǿ İȟȓıȦıȘ ʌȠȣ įȓȞİȚ 
ĲȠȞ ʌȓȞĮțĮ ĮțĮȝȥȓĮȢ ȖȚĮ țȐșİ ıĲȠȚȤİȓȠ (element stiffness matrix) İȓȞĮȚ : 
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1                                         [5.8] 

 
ȩʌȠȣ, |J| İȓȞĮȚ Ș ȠȡȓȗȠȣıĮ ĲȠȣ ǿĮțȦȕȚĮȞȠȪ ʌȓȞĮțĮ, [Ǻe] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ [Ǻ] ĲȠȣ 
ıĲȠȚȤİȓȠȣ, [Ǻe]ȉ İȓȞĮȚ Ƞ ĮȞȐıĲȡȠĳȠȢ ĲȠȣ ʌȓȞĮțĮ [Ǻ] țĮȚ [De] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ ʌĮ-
ȡĮȝȑĲȡȦȞ ĲȠȣ ȣȜȚțȠȪ. ȅ ʌȓȞĮțĮȢ ĮțĮȝȥȓĮȢ ĲȠȣ ȠȜȚțȠȪ ʌİįȓȠȣ İʌȓȜȣıȘȢ (global 
stiffness matrix) ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ ıȣȞĮȡȝȠȜȠȖȒ ĲȦȞ İʌȚȝȑȡȠȣȢ ĲȠʌȚțȫȞ ȝȘĲȡȫȦȞ 
ĮțĮȝȥȓĮȢ ĲȦȞ ıĲȠȚȤİȓȦȞ. 
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ȉȠ įȚȐȞȣıȝĮ ‘Load Vector’ İȓȞĮȚ ĲȠ įȚȐȞȣıȝĮ ʌȠȣ İțĳȡȐȗİȚ ĲȘȞ İʌȚȕȠȜȒ ĳȠȡĲȓıİȦȞ 
ıĲȠ ʌİįȓȠ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. ȈȣȞĮȡȝȠȜȠȖİȓĲĮȚ Įʌȩ ĲĮ įȚĮȞȪıȝĮĲĮ ĳȩȡĲȚıȘȢ țȐșİ 
ıĲȠȚȤİȓȠȣ ĲȠȣ ʌȜȑȖȝĮĲȠȢ. Ǿ İȟȓıȦıȘ ʌȠȣ įȓȞİȚ ĲȠ įȚȐȞȣıȝĮ ĳȩȡĲȚıȘȢ ȖȚĮ țȐșİ ıĲȠȚ-
ȤİȓȠ (element load vector) İȓȞĮȚ : 
 

              Load vector = we + ĳȣıȚțȑȢ ıȣȞȠȡȚĮțȑȢ ıȣȞșȒțİȢ (Neumann)       
[5.9] 

 
ȩʌȠȣ ĲȠ we İțĳȡȐȗİȚ ĲȚȢ İȟȦĲİȡȚțȑȢ įȣȞȐȝİȚȢ ʌȠȣ ıȣȝȝİĲȑȤȠȣȞ ıĲȘȞ ĳȩȡĲȚıȘ 

ĲȠȣ ıĲȠȚȤİȓȠȣ țĮȚ įȓȞİĲĮȚ Įʌȩ ĲȘȞ İȟȓıȦıȘ : 

                                                   > @ w
e fNJw uuu 

2
1                                            

[5.10] 
 

ȩʌȠȣ, |J| İȓȞĮȚ Ș ȠȡȓȗȠȣıĮ ĲȠȣ ǿĮțȦȕȚĮȞȠȪ ʌȓȞĮțĮ, [ȃ] İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ĲȦȞ ıȣȞĮȡ-
ĲȒıİȦȞ ȝȠȡĳȒȢ ĲȠȣ ıĲȠȚȤİȓȠȣ țĮȚ [fw] İȓȞĮȚ ȑȞĮȢ ʌȓȞĮțĮȢ įȚĮıĲȐıİȦȞ 2 x 1, ȩʌȠȣ 
ıĲȘȞ ʌȡȫĲȘ ȖȡĮȝȝȒ İȓȞĮȚ Ș ĲȚȝȒ ĲȘȢ x ıȣȞȚıĲȫıĮȢ țĮȚ ıĲȘȞ įİȪĲİȡȘ ȖȡĮȝȝȒ İȓȞĮȚ Ș 
ĲȚȝȒ ĲȘȢ y ıȣȞȚıĲȫıĮȢ ĲȠȣ įȚĮȞȪıȝĮĲȠȢ ĲȘȢ įȪȞĮȝȘȢ ʌȠȣ İʌȚȕȐȜȜİĲĮȚ ıĲȠ ıĲȠȚȤİȓȠ. 

 
 

ȆİȡȚȖȡĮĳȒ ĲȘȢ įȚĮįȚțĮıȓĮȢ İʌȓȜȣıȘȢ 
 
ĬĮ ʌȡȑʌİȚ İįȫ ȞĮ ıȘȝİȚȦșİȓ ȩĲȚ ȩȜĮ ĲĮ įȚĮȞȪıȝĮĲĮ țĮȚ ĲĮ ȝȘĲȡȫĮ ʌȠȣ 

țĮĲĮıțİȣȐȗȠȞĲĮȚ ȝİ ıțȠʌȩ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ, ȝȘįİȞȓȗȠȞĲĮȚ ıĲȘȞ ĮȡȤȒ 
țȐșİ ıĲĮįȓȠȣ ȫıĲİ ȞĮ İʌĮȞĮȨʌȠȜȠȖȚıĲȠȪȞ ȝİ ȕȐıȘ ĲĮ ȞȑĮ įİįȠȝȑȞĮ ʌȠȣ 
ȣʌİȚıȑȡȤȠȞĲĮȚ ıĲȠ ĲȡȑȤȠȞ ıĲȐįȚȠ İțıțĮĳȒȢ. ǲĲıȚ, ıĲȠ ȞȑȠ ıĲȐįȚȠ ȖȓȞİĲĮȚ 
İʌĮȞĮțĮĲĮıțİȣȒ ĲȦȞ įȚĮȞȣ-ıȝȐĲȦȞ țĮȚ ĲȦȞ ȝȘĲȡȫȦȞ țĮȚ ȞİĮ İʌȓȜȣıȘ ĲȠȣ 
ıȣıĲȒȝĮĲȠȢ ĲȦȞ İȟȚıȫıİȦȞ.  

 
Ǿ įȚĮįȚțĮıȓĮ, ĲȘȢ ȠʌȠȓĮȢ ʌȡȠȘȖȒșȘțİ Ș ʌİȡȚȖȡĮĳȒ, ȜĮȝȕȐȞİȚ ȤȫȡĮ ȖȚĮ ĲȡȓĮ, 

ĲȠȞ ĮȡȚșȝȩ, ıĲȐįȚĮ. ȉȠ ĮȡȤȚțȩ ıĲȐįȚȠ İțıțĮĳȒȢ, ȩʌȠȣ ĲȠ ȣȜȚțȩ ʌĮȡĮȝȑȞİȚ 
ĮįȚȐȡȡȘțĲȠ, ȣʌȠȕȐȜȜİĲĮȚ ȝȩȞȠ ıİ ȕĮȡȣĲȚțȑȢ ĳȠȡĲȓıİȚȢ (gravity load). ȈĲĮ İʌȩȝİȞĮ 
įȣȠ ıĲȐįȚĮ İțıțĮĳȒȢ ĮĳĮȚȡȠȪȞĲĮȚ ĲȝȒȝĮĲĮ ĲȠȣ ȣȜȚțȠȪ (ȕȜ. § 5.3.2), İȞȫ ĲȠ ȝȠȞĲȑȜȠ 
ĳȠȡĲȓȗİĲĮȚ ȝİ ȕĮȡȪĲȘĲĮ. ȈĲĮ įȣȠ ĮȣĲȐ ıĲȐįȚĮ İțıțĮĳȒȢ İĳĮȡȝȩȗȠȞĲĮȚ ȝȑĲȡĮ 
ȣʌȠıĲȒȡȚȟȘȢ, ȝİ ĲȘȞ ȝȠȡĳȒ ĳȣıȚțȫȞ ıȣȞȠȡȚĮțȫȞ ıȣȞșȒțȫȞ, ıĲĮ ĲȠȚȤȫȝĮĲĮ (ȠȡȠĳȒ 
țĮȚ įȐʌİįȠ) ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ p2 (ȕȜ. ıȤ. 5.5). ȉȑȜȠȢ, ȠȚ ıȣȞșȒțİȢ Dirichlet 
İĳĮȡȝȩȗȠȞĲĮȚ ıĲȠ įİȟȚȩ țĮȚ ĲȠ ĮȡȚıĲİȡȩ ȩȡȚȠ ĲȠȣ ȝȠȞĲȑȜȠȣ ȖȚĮ ȝȘįİȞȚțȒ ȝİĲĮĲȩʌȚıȘ 
ıĲȠȞ x ȐȟȠȞĮ (țȪȜȚıȘ), țĮȚ ıĲȠ țȐĲȦ ȩȡȚȠ ĲȠȣ ȝȠȞĲȑȜȠȣ ȖȚĮ ȝȘįİȞȚțȒ ȝİĲĮĲȩʌȚıȘ 
ıĲȠȞ  x țĮȚ ĲȠȞ y ȐȟȠȞĮ (ʌȐ-țĲȦıȘ) ĮȞĲȓıĲȠȚȤĮ (ȕȜ. ıȤ. 5.5). Ȃİ ĲȘȞ įȚĮįȚțĮıȓĮ ĮȣĲȒ 
İʌȚĲȣȖȤȐȞİĲĮȚ Ș ıȣȡȡȓțȞȦ-ıȘ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȠȣ ȐʌİȚȡȠȣ, ıĲȘȞ ʌȡĮȖȝĮĲțȩĲȘĲĮ, 
ȝȑıȠȣ ıİ ʌİʌİȡĮıȝȑȞȠ. ȅȣıȚĮıĲȚțȐ, įȘȜĮįȒ, Ș İȞĲĮĲȚțȒ țĮĲȐıĲĮıȘ ȝĮțȡȚȐ Įʌȩ ĲȠ 
ȐȞȠȚȖȝĮ įİȞ İʌȘȡİȐȗİȚ, ȠȪĲİ İʌȘȡİȐȗİĲĮȚ Įʌȩ ʌİįȓĮ įȣȞȐȝİȦȞ. 
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ȈȤȒȝĮ 5.5 : ǼʌȚȕȠȜȒ ıȣȞȠȡȚĮțȫȞ ıȣȞșȘțȫȞ ıĲȠ ʌİįȓȠ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ 
 
 
ȈĲȐįȚȠ ȂİĲȐ-ǼʌİȟİȡȖĮıȓĮȢ  
 
Ǿ İȚıĮȖȦȖȒ ĲȦȞ țĮĲȐȜȜȘȜȦȞ ʌĮȡĮȝȑĲȡȦȞ ıĲȠ ʌȡȩȖȡĮȝȝĮ İțțȚȞİȓ ĲȘȞ įȚĮįȚțĮıȓĮ 
İʌȓȜȣıȘȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ ĲȘȞ İȟĮȖȦȖȒ, ıİ ȝȘĲȡȫĮ țĮȚ / Ȓ ıİ ȖȡĮĳȒȝĮĲĮ, ĲȦȞ 
ĮʌȠĲİȜİıȝȐĲȦȞ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. ȈĲȘȞ įȚĮįȚțĮıȓĮ ĮȣĲȒ ȤȡȒıȚȝȘ İȓȞĮȚ Ș İȞĲȠȜȒ plot 
ʌȠȣ ʌİȡȚȑȤİĲĮȚ ıĲȠ Graphical User Interface (GUI) ĲȠȣ MATLAB. 
 
ǹʌȩ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ʌİįȓȠȣ ʌȡȠțȪʌĲȠȣȞ, ȩʌȦȢ ĮȞİĳȑȡșȘ, ȠȚ ĲȚȝȑȢ ĲȦȞ 
ĲȐıİȦȞ (ıij), ĲȦȞ ĲȡȠʌȫȞ (İij) țĮȚ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ (uij) ıĲȠȣȢ țȩȝȕȠȣȢ ĲȦȞ ıĲȠȚ-
ȤİȓȦȞ. Ǿ ȖȡĮĳȚțȒ ĮȞĮʌĮȡȐıĲĮıȘ ĲȦȞ ĲȚȝȫȞ ĮȣĲȫȞ ȖȓȞİĲĮȚ, ȟİȤȦȡȚıĲȐ ȖȚĮ țȐșİ 
ıĲȐįȚȠ, ıĲȠ İʌȩȝİȞȠ țİĳȐȜĮȚȠ. 
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ǹʌȠĲİȜȑıȝĮĲĮ țĮȚ ıȣȖțȡȓıİȚȢ 
 
 
ȈĲȘȞ İȞȩĲȘĲĮ ĮȣĲȒ șĮ ʌĮȡȠȣıȚĮıĲȠȪȞ ĲĮ ĮʌȠĲȜȑıȝĮĲĮ ĲȘȢ İʌȓȜȣıȘȢ ĲȠȣ ʌȡȠȕȜȒ-
ȝĮĲȠȢ ȝİ ĲȘȞ ȝȑșȠįȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ. ǹȞĮʌĮȡȓıĲĮȞĲĮȚ, ȝİ ĲȘȞ ȕȠȒ-
șİȚĮ ȤȡȦȝĮĲȚțȠȪ țȫįȚțĮ, ȠȚ țĮĲĮțȩȡȣĳİȢ ĲȐıİȚȢ, ȠȚ țĮĲĮțȩȡȣĳİȢ ĲȡȠʌȑȢ țĮȚ ȠȚ 
țĮĲĮțȩȡȣĳİȢ ȝİĲĮĲȠʌȓıİȚȢ ıĲȠ ʌİįȓȠ, ȖȚĮ ȩȜĮ ĲĮ ıĲȐįȚĮ İțıțĮĳȒȢ. ȈĲȠ ĲȑȜȠȢ ĲȘȢ 
İȞȩĲȘĲĮȢ ĮʌİȚțȠȞȓȗȠȞĲĮȚ țĮȚ ȠȚ ȝȠȡĳȑȢ ʌȠȣ ȑȤİȚ ʌȐȡİȚ ĲȠ ʌİįȓȠ ıĲĮ ĲȡȚĮ ıĲȐįȚĮ, 
ȝİĲȐ ĲȘȞ İʌȓȜȣıȘ. 
 
ȉĮ įİįȠȝȑȞĮ İȚıȩįȠȣ ıĲȠȞ țȫįȚțĮ ĲȠȣ Matlab İȓȞĮȚ ĲĮ İȟȘȢ : 
 

x ǻȚĮıĲȐıİȚȢ ȝȠȞĲȑȜȠȣ : 
o ȂȒțȠȢ ʌİįȓȠȣ L=68 m 
o ȆȜȐĲȠȢ ʌİįȓȠȣ P=20 m 
o ǺȐșȠȢ İțıțĮĳȒȢ ıȒȡĮȖȖĮȢ H=10 m 
o ǻȚȐıĲĮıȘ ȣʌȩȖİȚȠȣ ĮȞȠȓȖȝĮĲȠȢ D=5 m 

x ȆĮȡȐȝİĲȡȠȚ ĲȠȣ ȣȜȚțȠȪ : 
o ȂȑĲȡȠ İȜĮıĲȚțȩĲȘĲĮȢ Ǽ=100 MPa 
o ȁȩȖȠȢ ĲȠȣ Poison Ȟ=0.3 
o ǼȚįȚțȩ ȕȐȡȠȢ ȖİȦȣȜȚțȠȪ Ȗ=0,027 MN/m3 

 
ǹȞĮȜȣĲȚțȐ ʌȡȠțȪʌĲȠȣȞ : 
 
 
ȖȚĮ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ : 

 
 

ȈȤȒȝĮ 6.1 : Ǿ țĮĲĮțȩȡȣĳȘ ȝİĲĮĲȩʌȚıȘ ıĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
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ȈȤȒȝĮ 6.2 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȡȠʌȒ ıĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
 
 

 
 

ȈȤȒȝĮ 6.3 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ıĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
 
 
 
ȖȚĮ ĲȠ įİȪĲİȡȠ ıĲȐįȚȠ : 
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ȈȤȒȝĮ 6.4 : Ǿ țĮĲĮțȩȡȣĳȘ ȝİĲĮĲȩʌȚıȘ ıĲȠ įİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
 
 

 
 

ȈȤȒȝĮ 6.5 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȡȠʌȒ ıĲȠ įİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
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ȈȤȒȝĮ 6.6 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ıĲȠ įİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
 
ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ : 

 

 
ȈȤȒȝĮ 6.7 : Ǿ țĮĲĮțȩȡȣĳȘ ȝİĲĮĲȩʌȚıȘ ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ 

 

 
 

ȈȤȒȝĮ 6.8 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȡȠʌȒ ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
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ȈȤȒȝĮ 6.9 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ 
 

 
Ǿ ȝȠȡĳȒ ʌȠȣ ȑȤİȚ ʌȐȡİȚ ĲȠ ȝȠȞĲȑȜȠ ȝİĲȐ ĲȘȞ İʌȓȜȣıȘ ıĲĮ ĲȡȚĮ ıĲȐįȚĮ İȓȞĮȚ Ș Įțȩ-
ȜȠȣșȘ. ȆȡȑʌİȚ ȞĮ ıȘȝİȚȦșİȓ ȩĲȚ, İʌİȚįȒ ȠȚ ȝİĲĮĲȠʌȓıİȚȢ İȓȞĮȚ ȝȚțȡȑȢ ıİ ıȤȑıȘ ȝİ ĲȚȢ 
įȚĮıĲȐıİȚȢ ĲȠȣ ʌİįȓȠȣ, ȑȤȠȣȞ ʌȠȜȜĮʌȜĮıȚĮıĲİȓ ȝİ ȑȞĮȞ ıȣȞĲİȜİıĲȒ r = 50, ȫıĲİ ȞĮ 
ĮʌİȚțȠȞȓȗȠȞĲĮȚ țĮȜȪĲİȡĮ ıĲȠ ȖȡȐĳȘȝĮ. 

 
 

 
ȈȤȒȝĮ 6.10 : ǹʌİȚțȩȞȚıȘ ĲȘȢ ʌĮȡĮȝȠȡĳȦıȚĮțȒȢ țĮĲȐıĲĮıȘȢ ıĲȠ ʌȡȫĲȠ ıĲȐįȚȠ 

 

 
ȈȤȒȝĮ 6.11 : ǹʌİȚțȩȞȚıȘ ĲȘȢ ʌĮȡĮȝȠȡĳȦıȚĮțȒȢ țĮĲȐıĲĮıȘȢ ıĲȠ įİȪĲİȡȠ ıĲȐįȚȠ 
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ȈȤȒȝĮ 6.12 : ǹʌİȚțȩȞȚıȘ ĲȘȢ ʌĮȡĮȝȠȡĳȦıȚĮțȒȢ țĮĲȐıĲĮıȘȢ ıĲȠ ĲȡȓĲȠ ıĲȐįȚȠ 
 
 
 
 
 
ȈȪȖțȡȚıȘ ȝİ ĲȠ ʌȡȩȖȡĮȝȝĮ PHASES 
 
ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȠȣ țȫįȚțĮ ʌȠȣ įȘȝȚȠȣȡȖȒșȘțİ ıĲȠ Matlab, ıȣȖțȡȓșȘțĮȞ ȝİ ĲĮ 
ĮʌȠĲİȜȑıȝĮĲĮ ʌȠȣ İȟȐȖİȚ ĲȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ PHASES, ȖȚĮ ĲȘȞ 
ȓįȚĮ ȖİȦȝİĲȡȓĮ țĮȚ ĲĮ ȓįȚĮ ĮțȡȚȕȫȢ įİįȠȝȑȞĮ İȚıȩįȠȣ (ȕȜ. § 6.1). ȉĮ ĮȞĲȓıĲȠȚȤĮ 
ĮʌȠĲİȜȑıȝĮĲĮ ĲȠȣ PHASES İȓȞĮȚ ĲĮ İȟȒȢ : 
 
ȖȚĮ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ :  

 
 
 

 
ȈȤȒȝĮ 6.13 : Ǿ țĮĲĮțȩȡȣĳȘ ȝİĲĮĲȩʌȚıȘ ȖȚĮ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ (PHASES) 
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ȈȤȒȝĮ 6.14 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ȖȚĮ ĲȠ ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ (PHASES) 
ȖȚĮ ĲȠ įİȪĲİȡȠ ıĲȐįȚȠ :  

 
 

 
 

ȈȤȒȝĮ 6.15 : Ǿ țĮĲĮțȩȡȣĳȘ ȝİĲĮĲȩʌȚıȘ ȖȚĮ ĲȠ įİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ (PHASES) 
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ȈȤȒȝĮ 6.16 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ȖȚĮ ĲȠįİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ (PHASES) 
 

īȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ :  
 
 
 

 
 

ȈȤȒȝĮ 6.17 : Ǿ țĮĲĮțȩȡȣĳȘ ȝİĲĮĲȩʌȚıȘ ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ (PHASES) 
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ȈȤȒȝĮ 6.18 : Ǿ țĮĲĮțȩȡȣĳȘ ĲȐıȘ ȖȚĮ ĲȠ ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ (PHASES) 
 
 
 

ȈĲȘ ıȣȞȑȤİȚĮ ʌĮȡȠȣıȚȐȗȠȞĲȚĮ ȠȚ ȖȡĮĳȚțȑȢ ʌĮȡĮıĲȐıİȚȢ ĲȦȞ țĮĲĮțȩȡȣĳȦȞ 
ȝİĲĮĲȠʌȓıİȦȞ ıȣȞĮȡĲȒıİȚ ĲȘȢ ĮʌȩıĲĮıȘȢ x. ȅȚ ȖȡĮȝȝȑȢ įİȚȖȝĮĲȠȜȘȥȓĮȢ ĲȦȞ ȝİĲĮĲȠ-
ʌȓıİȦȞ İȓȞĮȚ țĮĲȐ ȝȒțȠȢ ĲȘȢ İʌȚĳȐȞİȚĮȢ ĲȠȣ İįȐĳȠȣȢ, țĮȚ țĮĲȐ ȝȒțȠȢ ĲȘȢ ıĲȑȥȘȢ ĲȠȣ 
ȣʌȩȖİȚȠȣ ĮȞȠȓȖȝĮĲȠȢ. Ǿ įİȚȖȝĮĲȠȜȘȥȓĮ ȑȖȚȞİ ĲȩıȠ ıĲȠȞ țȫįȚțĮ ʌİʌİȡĮıȝȑȞȦȞ 
ıĲȠȚȤİȓȦȞ ĲȠȣ Matlab, ȩıȠ țĮȚ ıĲȠ ʌȡȩȖȡĮȝȝĮ PHASES.  
 
ȈĲȚȢ ȖȡĮĳȚțȑȢ ʌĮȡĮıĲȐıİȚȢ ʌȠȣ ĮțȠȜȠȣșȠȪȞ ȖȓȞİĲĮȚ ıȪȖțȡȚıȘ ĲȦȞ ĲȚȝȫȞ ĲȦȞ 
ȝİĲĮĲȠʌȓıİȦȞ ıĲȚȢ ȖȡĮȝȝȑȢ įİȚȖȝĮĲȠȜȘȥȓĮȢ țĮĲȐ ıĲȐįȚȠ İțıțĮĳȒȢ. 
 
ȖȚĮ ĲȘȞ ȖȡĮȝȝȒ įİȚȖȝĮĲȠȜȘȥȓĮȢ ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ İįȐĳȠȣȢ 
  
 - ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ : 
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ȈȤȒȝĮ 6.19 : īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ȝİĲĮĲȩʌȚıȘȢ ıȣȞĮȡĲȒıİȚ  
ĲȘȢ ĮʌȩıĲĮıȘȢ x ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ İįȐĳȠȣȢ (ʌȡȫĲȠ ıĲȐįȚȠ) 

 
 
 
- įİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ : 

-0.06
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-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0
0 10 20 30 40 50 60 70

ǹʌȩıĲĮıȘ (x)

Ȁ
Ȑș
İĲ
Ș 
ȝİ
ĲĮ
Ĳȩ
ʌȚ
ıȘ

 (U
y)

MATLAB
PHASES

 
ȈȤȒȝĮ 6.20 : īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ȝİĲĮĲȩʌȚıȘȢ ıȣȞĮȡĲȒıİȚ 

 ĲȘȢ ĮʌȩıĲĮıȘȢ x ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ İįȐĳȠȣȢ (įİȪĲİȡȠ ıĲȐįȚȠ) 
 
 - ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ :  

-0.06
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 (U
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Matlab
Phases  

ȈȤȒȝĮ 6.21 : īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ȝİĲĮĲȩʌȚıȘȢ ıȣȞĮȡĲȒıİȚ  
ĲȘȢ ĮʌȩıĲĮıȘȢ x ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ İįȐĳȠȣȢ (ĲȡȓĲȠ ıĲȐįȚȠ) 

 
 
 
ȖȚĮ ĲȘȞ ȖȡĮȝȝȒ įİȚȖȝĮĲȠȜȘȥȓĮȢ ıĲȘȞ ıĲȑȥȘ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ : 
 
 - ʌȡȫĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ :  
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ȈȤȒȝĮ 6.22 : īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ȝİĲĮĲȩʌȚıȘȢ ıȣȞĮȡĲȒıİȚ  

ĲȘȢ ĮʌȩıĲĮıȘȢ x ıĲȘȞ ıĲȑȥȘ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ (ʌȡȫĲȠ ıĲȐįȚȠ) 
  
 
- įİȪĲİȡȠ ıĲȐįȚȠ İțıțĮĳȒȢ :  
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ȈȤȒȝĮ 6.23 : īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ȝİĲĮĲȩʌȚıȘȢ ıȣȞĮȡĲȒıİȚ  

ĲȘȢ ĮʌȩıĲĮıȘȢ x ıĲȘȞ ıĲȑȥȘ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ (įİȪĲİȡȠ ıĲȐįȚȠ) 
 
 
 
 - ĲȡȓĲȠ ıĲȐįȚȠ İțıțĮĳȒȢ :  
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ȈȤȒȝĮ 6.24 : īȡĮĳȚțȒ ʌĮȡȐıĲĮıȘ ĲȘȢ țĮĲĮțȩȡȣĳȘȢ ȝİĲĮĲȩʌȚıȘȢ ıȣȞĮȡĲȒıİȚ  

ĲȘȢ ĮʌȩıĲĮıȘȢ x ıĲȘȞ ıĲȑȥȘ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ (ĲȡȓĲȠ ıĲȐįȚȠ) 
 
 
ȆĮȡĮĲȘȡȒıİȚȢ 
 
ȈȣȖțȡȓȞȠȞĲĮȢ, ȝİ ĲȘȞ ȕȠȒșİȚĮ ĲȠȣ ȤȡȦȝĮĲȚțȠȪ țȫįȚțĮ, ĲȚȢ ĮʌİȚțȠȞȓıİȚȢ ĲȠȣ ʌİįȓȠȣ 
ĲȦȞ įȣȠ ʌȡȠȖȡĮȝȝȐĲȦȞ (Matlab țĮȚ PHASES), ʌȠȣ ʌĮȡȠȣıȚȐıĲȘțĮȞ ıĲȚȢ ʌĮȡĮȖȡȐ-
ĳȠȣȢ 6.1 țĮȚ 6.2, ʌĮȡĮĲȘȡİȓĲĮȚ ȩĲȚ Ƞ ĮȜȖȩȡȚșȝȠȢ ʌȠȣ țĮĲĮıțİȣȐıĲȘțİ (Matlab), įȘ-
ȝȚȠȣȡȖİȓ ĮʌȠĲİȜȑıȝĮĲĮ ʌȠȣ ʌȡȠıİȖȖȓȗȠȣȞ ıİ ȚțĮȞȠʌȠȚȘĲȚțȩ ȕĮșȝȩ ĲĮ ĮȞĲȓıĲȠȚȤĮ ĲȠȣ 
ʌȡȠȖȡȐȝȝĮĲȠȢ PHASES. 
 
Ǿ ʌĮȡĮĲȒȡȘıȘ ĮȣĲȒ șİȝİȜȚȫȞİĲĮȚ țĮȚ Įʌȩ ĲȘȞ ıȪȖțȡȚıȘ, ıĲȘȞ İȞȩĲȘĲĮ 6.3, ĲȦȞ ȖȡĮ-
ĳȚțȫȞ ʌĮȡĮıĲȐıİȦȞ ĲȦȞ țȐșİĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ (vertical displacements) ıĲȚȢ ȖȡĮȝ-
ȝȑȢ įİȚȖȝĮĲȠȜȘȥȓĮȢ ȖȚĮ ȩȜĮ ĲĮ ıĲȐįȚĮ İțıțĮĳȒȢ. 
 
ȍıĲȩıȠ, İȞĲȠʌȓȗȠȞĲĮȚ țȐʌȠȚİȢ İȣįȚȐțȡȚĲİȢ įȚĮĳȠȡȑȢ ıĲȚȢ ĲȚȝȑȢ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ 
ĮȞȐȝİıĮ ıĲĮ įȣȠ ʌȡȠȖȡȐȝȝĮĲĮ. ȅȚ įȚĮĳȠȡȑȢ ĮȣĲȑȢ, ȩȝȦȢ, İȓȞĮȚ ĲȘȢ ĲȐȟȘȢ ĲȦȞ ȤȚȜȚȠ-
ıĲȫȞ (mm). ȆȡȠĳĮȞȫȢ, ȠĳİȓȜȠȞĲĮȚ ıĲȘȞ įȚĮĳȠȡİĲȚțȩĲȘĲĮ ĲȠȣ PHASES ȝİ ĲȠȞ 
ĮȜȖȩȡȚșȝȠ ʌȠȣ țĮĲĮıțİȣȐıĲȘțİ ıĲȠ Matlab, țĮșȫȢ țĮȚ ıĲȘȞ įȚĮĳȠȡİĲȚțȒ įȚĮțȡȚĲȠ-
ʌȠȓȘıȘ ĲȠȣ ʌİįȓȠȣ ĮȞȐȝİıĮ ıĲȚȢ įȣȠ İʌȚȜȪıİȚȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ. 
 
ȈĲĮ ıȤȒȝĮĲĮ 6.10, 6.11 țĮȚ 6.12 ʌĮȡĮĲȘȡİȓĲĮȚ Ș ʌĮȡĮȝȠȡĳȦıȚĮțȒ țĮĲȐıĲĮıȘ ʌȠȣ 
ȑȤİȚ İʌȑȜșİȚ ȝİĲȐ Įʌȩ ĲȘȞ ĳȩȡĲȚıȘ ıİ țȐșİ ıĲȐįȚȠ. ȈĲȠ ʌȡȫĲȠ ıĲȐįȚȠ Ș ʌĮȡĮȝȩȡ-
ĳȦıȘ İȓȞĮȚ ȠȝȠȚȩȝȠȡĳȘ, țĮĲȐ ȝȒțȠȢ ĲȠȣ ȐȟȠȞĮ x, țĮșȫȢ įİȞ ȣʌȐȡȤİȚ įȚȐȡȡȘȟȘ ıĲȠ 
ȖİȦȨȜȚțȩ. ȈĲȠ įİȪĲİȡȠ ıĲȐįȚȠ Ș ʌĮȡĮȝȩȡĳȦıȘ ıȣȞİȤȓȗİĲĮȚ țĮȚ Ș ȝȚțȡȒ ĮȞȪȥȦıȘ ʌȐ-
ȞȦ Įʌȩ ĲȠ ȐȞȠȚȖȝĮ ȠĳİȓȜİĲĮȚ ıĲȘȞ İʌȚȕȠȜȒ įȣȞȐȝİȦȞ ıĲȒȡȚȟȘȢ ıĲȘȞ ȠȡȠĳȒ ĲȠȣ ȣʌȩ-
ȖİȚȠȣ ĮȞȠȓȖȝĮĲȠȢ. ȈĲȠ ĲȡȓĲȠ ıĲȐįȚȠ Ș țĮșȓȗȘıȘ țĮȚ Ș ĮıĲȠȤȓĮ ĲȠȣ ĮȞȠȓȖȝĮĲȠȢ İȓȞĮȚ 
ĮțȩȝĮ İȞĲȠȞȩĲİȡȘ, țȣȡȓȦȢ ıĲȠ ĮȞȣʌȠıĲȒȡȚțĲȠ ĲȝȒȝĮ ʌȠȣ İțıțȐʌĲİĲĮȚ ıĲȠ ıĲȐįȚȠ 
ĮȣĲȩ.  
 
ȉĮ ȓįȚĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ țĮȚ ıĲȚȢ ȖȡĮĳȚțȑȢ ʌĮȡĮıĲȐıİȚȢ (ȕȜ. § 6.3). 
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ȈȣȝʌİȡȐıȝĮĲĮ 
 
Ǿ ȝȑșȠįȠȢ ĲȦȞ ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ, ȩʌȦȢ țĮȚ ȐȜȜİȢ ʌĮȡȩȝȠȚİȢ ĮȡȚșȝȘĲȚțȑȢ 
ȝȑșȠįȠȚ, ĮʌȠĲİȜİȓ ʌȜİȠȞ İȞĮ ȚıȤȣȡȩ İȡȖĮȜİȓȠ ıĲĮ ȤȑȡȚĮ ĲȦȞ ȝȘȤĮȞȚțȫȞ, ĲȩıȠ ȖȚĮ 
ĲȘȞ İʌȓȜȣıȘ, ȩıȠ țĮȚ ȖȚĮ ĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ʌȡȠȕȜȘȝȐĲȦȞ ıĲȘȞ ȖİȦȝȘȤĮȞȚțȒ. 
ǲȞĮ Įʌȩ ĲĮ ʌȠȜȜȐ ʌȡȠȕȜȒȝĮĲĮ, İȓȞĮȚ țĮȚ Ș ĮȞȐȜȣıȘ ĲȠȣ İȞĲĮĲȚțȠʌĮȡĮȝȠȡĳȦıȚĮ-
țȠȪ ʌİįȓȠȣ ȖȪȡȦ Įʌȩ ĲȘȞ İțıțĮĳȒ ȣʌȩȖİȚȦȞ ĮȞȠȚȖȝȐĲȦȞ.  
 
ȉĮ ȝȠȞĲȑȜĮ ĲĮ ȠʌȠȓĮ țĮĲĮıțİȣȐȗȠȞĲĮȚ ȖȚĮ ȞĮ ʌȡȠıȠȝȠȚȫıȠȣȞ ʌȡȠȕȜȒȝĮĲĮ ȖİȦȝȘȤĮ-
ȞȚțȒȢ įİȞ ĮȞĮʌĮȡȚıĲȠȪȞ ĲȘȞ ʌȡĮȖȝĮĲȚțȩĲȘĲĮ ĮȜȜȐ įȓȞȠȣȞ ĲĮ ȕĮıȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ 
ĲȘȢ ȝİȜİĲȠȪȝİȞȘȢ įȚĮįȚțĮıȓĮȢ ʌȠȣ ʌĮȓȗȠȣȞ ıȘȝĮȞĲȚțȩ ȡȩȜȠ ıĲȠ ıȤİįȚĮıȝȩ țĮȚ ĲȘȞ 
ʌȡȩȕȜİȥȘ ĲȘȢ ȝȘȤĮȞȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ İȞȩȢ ȑȡȖȠȣ.  
 
ǺȠȘșȐȞİ ĲȘȞ įȚĮȓıșȘıȘ țĮȚ ĲȠȞ ĲȡȩʌȠ ıțȑȥȘȢ ĲȠȣ ȝȘȤĮȞȚțȠȪ ȖȚĮ ĲȘȞ İȪȡİıȘ țĮȜȪĲİ-
ȡȘȢ ȜȪıȘȢ ȝİ ĲȘȞ ĮȞĮȖȞȫȡȚıȘ ıȘȝĮȞĲȚțȫȞ ȖȚĮ ĲȠ ʌȡȩȕȜȘȝĮ ĳȣıȚțȫȞ ʌȠıȠĲȒĲȦȞ. 
 
ǺȠȘșȐȞİ İʌȓıȘȢ ıĲȘȞ ĮȞȐįȡȠȝȘ ĮȞȐȜȣıȘ İʌȓ ĲȩʌȠȣ ȝİĲȡȒıİȦȞ țĮșȚȗȒıİȦȞ, ıȣȖțȜȓ-
ıİȦȞ țĮȚ ĲȐıİȦȞ ıĲȘ ȖİȚĲȠȞȚȐ ȣʌȩȖİȚȦȞ ȑȡȖȦȞ țĮȚ țĮĲȩʌȚȞ ıĲȘȞ İȟĮȖȦȖȒ ıȣȝʌİȡĮ-
ıȝȐĲȦȞ Ȓ țĮȚ ĲȚȝȫȞ ʌĮȡĮȝȑĲȡȦȞ ĲȠȣ ʌİĲȡȫȝĮĲȠȢ. 
 
ǹȞ țĮȚ ĲĮ ʌİȡȚııȩĲİȡĮ ȖİȦȣȜȚțȐ ȑȤȠȣȞ ıȣȝʌİȡȚĳȠȡȐ țȐșİ ȐȜȜȘ ʌĮȡȐ ȖȡĮȝȝȚțȐ 
İȜĮıĲȚțȒ, Ș İʌȓȜȣıȘ ȝİ ĲȘȞ șİȫȡȘıȘ ĲȦȞ ȖİȦȣȜȚțȫȞ ȦȢ ȖȡĮȝȝȚțȐ İȜĮıĲȚțȐ, ȠȝȠ-
ȖİȞȒ țĮȚ ȚıȩĲȡȠʌĮ șİȦȡȒșȘțİ ȦȢ Ș ĮʌȜȠȪıĲİȡȘ ȖȚĮ ȝȚĮ ʌȡȫĲȘ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȝİ-
șȠįȠȜȠȖȓĮȢ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ țĮȚ ĲȘȢ İĳĮȡȝȠȖȒȢ ĮȣĲȫȞ ȝȑıȦ İȞȠȢ 
ȣʌȠȜȠȖȚıĲȚțȠȪ ʌȡȠȖȡȐȝȝĮĲȠȢ ȩʌȦȢ ĲȠ Matlab. 
 
Ǿ įȣıțȠȜȩĲİȡȘ įȚĮįȚțĮıȓĮ ȒĲĮȞ Ș ȣʌȑȡșİıȘ ĲȦȞ įȚĮĳȠȡİĲȚțȫȞ ıĲĮįȓȦȞ İțıțĮĳȒȢ 
ĲȦȞ ȖİȦȣȜȚțȫȞ ȩʌȠȣ, ȜȩȖȦ ĲȘȢ ĮȜȜĮȖȒȢ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȠȣ ʌİįȓȠȣ ıİ țȐșİ ıĲȐ-
įȚȠ, ȐȜȜĮȗİ Ƞ ĮȡȚșȝȩȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠȣ ʌȜȑȖȝĮĲȠȢ ĲȘȢ ĲȡȚȖȦȞȠʌȠȓȘıȘȢ țĮȚ, țĮĲȐ 
ıȣȞȑʌİȚĮ, Ș ĮȡȓșȝȘıȘ ĲȦȞ țȩȝȕȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ. ǲĲıȚ, ȑʌȡİʌİ ȞĮ ȕȡİșİȓ Ƞ țĮ-
ĲȐȜȜȘȜȠȢ ĲȡȩʌȠȢ ȝİĲĮĳȠȡȐȢ ĲȦȞ ĲȚȝȫȞ ĲȦȞ ĲȐıİȦȞ, ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ, ĲȦȞ ĲȡȠ-
ʌȫȞ țĮȚ ĲȦȞ įȣȞȐȝİȦȞ Įʌȩ ıĲȐįȚȠ ıİ ıĲȐįȚȠ. 
 
Ǽț ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ʌȡȠțȪʌĲİȚ ȩĲȚ ıİ ȝȚțȡȐ ȕȐșȘ, țȚ ȩĲĮȞ Ș İțıțĮĳȒ ȖȓȞİĲĮȚ 
ıİ İįĮĳȚțȩ ȣȜȚțȩ, Ș ĮȣĲȠȨʌȠıĲȒȡȚȟȘ ĲȦȞ ȣʌȩȖİȚȦȞ ĮȞȠȚȖȝȐĲȦȞ İȓȞĮȚ ĮȝİȜȘĲȑĮ, Ƞ 
ȤȡȩȞȠȢ ȗȦȒȢ İȓȞĮȚ ıȘȝĮȞĲȚțȐ ȝȚțȡȩȢ țĮȚ İʌȚʌȜȑȠȞ, ĲȠ İįĮĳȚțȩ ȣȜȚțȩ ʌȡȑʌİȚ ȞĮ 
șİȦȡȘșİȓ ȦȢ ȡȑȠȞ. 
 
ȂʌȠȡİȓ ȞĮ ȖȓȞİȚ ĮțȩȝĮ țĮȜȪĲİȡȘ ĮʌİȚțȩȞȚıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ ȝİ  
 

x ȝȘįİȞȚıȝȩ ĲȦȞ ĲȚȝȫȞ ĲȦȞ ȝİĲĮĲȠʌȓıİȦȞ țĮĲȐ ĲȘȞ ȣʌȑȡșİıȘ ıĲĮįȓȦȞ 
x ʌȡȠıȠȝȠȓȦıȘ ĲȘȢ ȣʌȠıĲȒȡȚȟȘȢ ȝİ ȤȡȒıȘ ȝȠȞȠįȚȐıĲĮĲȦȞ İȜĮĲȘȡȓȦȞ 
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