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ȺɡɢŬɟɘůŰɑŮɠ 

ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ əŬɗɖɔɖŰɐ əŬɘ ŮˊɘɓɚɏˊɞɜŰŬ 

ȷɜŰɩɜɘɞ ȸŬűŮɑŭɖ ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɏŭŮɘɝŮ ŭɑɜɞɜŰŬɠ ɛɞɡ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ 

ŭɞɡɚɏɣɤ Űɖɜ ɛŮŰŬˊŰɡɢɘŬəɐ ɛɞɡ ŮɟɔŬůɑŬ ɡˊɧ Űɖɜ ŮˊɑɓɚŮɣɖ əŬɘ əŬɗɞŭɐɔɖůɖ Űɞɡ.  

Ⱥˊɘˊɚɏɞɜ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ȹɟ. ȾɟɖŰɘəɎəɖ ũŮɩɟɔɘɞ ɔɘŬ Űɖɜ 

ɡˊɞɛɞɜɐ əŬɘ Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ Űɞɡ, ˊɎɜɤ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ Ŭɚɔɞɟɑɗɛɤɜ əŬɘ Űɖɜ 

ŭɘɧɟɗɤůɖ Űɖɠ ɀŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ. 

ȷəɧɛŬ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ŰŬ ɛɏɚɖ Űɖɠ ŮɝŮŰŬůŰɘəɐɠ ŮˊɘŰɟɞˊɐɠ Ⱥɚɏɜɖ 

Ⱦɧəəɘɜɞɡ, ŬɜŬˊɚɖɟɩŰɟɘŬ əŬɗɖɔɐŰɟɘŬ ɇȺȽ ȾɟɐŰɖɠ, əŬɗɩɠ əŬɘ Űɞɜ ȺɛɛŬɜɞɡɐɚ 

ɀŬɗɘɞɡŭɎəɖ Ůˊɑəɞɡɟɞ əŬɗɖɔɖŰɐ Űɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ ȾɟɐŰɖɠ ɔɘŬ Űɘɠ ˊɞɚɨŰɘɛŮɠ 

ˊŬɟŬŰɖɟɐůŮɘɠ Űɞɡɠ ˊɎɜɤ ůŰɖɜ ŭɘɧɟɗɤůɖ əŬɘ ŰŮɚɘəɐ ɛɞɟűɐ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ 

ŮɟɔŬůɑŬɠ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ɞɘəɞɔɏɜŮɘŬ ɛɞɡ əŬɘ Űɞɡɠ ůɡɜŬŭɏɚűɞɡɠ 

ɀŬɜŰɕɘɩəŬ  ȼɟŬəɚɐ, ɄŬˊŬŭɧˊɞɡɚɞ-ɀŮɜɘŭɘɎŰɖ ɉɎɟɖ, ɀˊɟɏɚɚŬ ũɘɎɜɜɖ əŬɘ ȾɩůŰŬ, 

ũɘɩɟɔɞ ũəɘůɎɜ əŬɘ ɆˊŬɜŰɘŭɎəɖ ɆŰɏɚɘɞ ɔɘŬ Űɖ ůŰɐɟɘɝɖ əŬɘ ɓɞɐɗŮɘŬ Űɞɡɠ, əŬɗô ɧɚɖ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ. 
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ɄŮɟɑɚɖɣɖ  

ɇɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ ɐŰŬɜ ɖ ŭɖɛɘɞɡɟɔɑŬ Ŭɚɔɞɟɑɗɛɞɡ 

ˊɟɞůɞɛɞɑɤůɖɠ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ůŮɘůɛɘəɩɜ əɡɛɎŰɤɜ ůŮ ŰɟɘůŭɘɎůŰŬŰɞ ɛɞɜŰɏɚɞ ɛŮ 

ůəɞˊɧ Űɖ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɖɠ ɔŮɤɚɞɔɘəɐɠ ŬˊɞɗɐəŮɡůɖɠ ŭɘɞɝŮɘŭɑɞɡ 

Űɞɡ ɎɜɗɟŬəŬ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ˊɟɞůŮɔɔɑůŰɖəŮ ɛɏůɤ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ŭɘŬűɞɟɩɜ əŬɘ 

ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ůɢɐɛŬŰɞɠ Űɨˊɞɡ MacCormack.  

ȼ ɛɏɗɞŭɞɠ Űɤɜ Ů́ˊŮɟŬůɛɏɜɤɜ ŭɘŬűɞɟɩɜ ŮɑɜŬɘ ɛɑŬ Ŭˊɧ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ 

ŬɟɘɗɛɖŰɘəɏɠ ɛŮɗɧŭɞɡɠ ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ůŮɘůɛɘəɩɜ əɡɛɎŰɤɜ. ɇɞ 

ɔŮɔɞɜɧɠ ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ ŮɑɜŬɘ ŮɨəɞɚŬ ŮűŬɟɛɧůɘɛɖ ůŮ ˊɞɚɨˊɚɞəŬ ˊɟɞɓɚɐɛŬŰŬ, ɛŮ 

ůɢŮŰɘəɎ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ.  

ȼ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ Ŭɚɔɧɟɘɗɛɞɡ ɧˊɤɠ əŬɘ ɞɘ ˊɟɞůɞɛɞɘɩůŮɘɠ Űɤɜ ŰɟɘůŭɘɎůŰŬŰɤɜ 

ɛɞɜŰɏɚɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɞ ɚɞɔɘůɛɘəɧ Matlab. ȺɝŮŰɎůŰɖəŮ ɖ ɞɟɗɐ ɚŮɘŰɞɡɟɔɑŬ 

Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ, ůɡɔəɟɑɜɞɜŰŬɠ Űɖɜ ŬɟɘɗɛɖŰɘəɐ ɛŮ Űɖɜ ŬɜŬɚɡŰɘəɐ ɚɨůɖ, ůŮ 

ɞɛɞɘɞɔŮɜɏɠ ɛɞɜŰɏɚɞ. 

ɆŰɖ ůɡɜɏɢŮɘŬ ˊɟɞůɞɛɞɘɩɗɖəŬɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ɛɞɜŰɏɚŬ ɛŮ ŭɨɞ əŬɘ ŰɟɑŬ 

ɔŮɤɚɞɔɘəɎ ůŰɟɩɛŬŰŬ ŬɜŰɑůŰɞɘɢŬ. ɈˊɞɚɞɔɑůŰɖəŬɜ ɞɘ ŭɘˊɚɞɑ əŬŰŬəɧɟɡűɞɘ ɢɟɧɜɞɘ əŬɘ 

ŬɜŰɘůŰɞɘɢɐɗɖəŬɜ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ əŬŰŬɔɟŬűɩɜ. 

ɇɏɚɞɠ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ˊɟɞůɞɛɞɑɤůɖ Ůɜɧɠ ŰɟɘůŭɘɎůŰŬŰɞɡ ɔŮɤɚɞɔɘəɞɨ 

ɛɞɜŰɏɚɞɡ Űɞɡ Ʉɟɑɜɞɡ, ɛŮ ŮɘůŬɔɤɔɐ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ (CO2) ůŰɞ ůŰɟɩɛŬ ȷ1 Űɞɡ 

ŰŬɛɘŮɡŰɐɟŬ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ůŰɘɠ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ ůɡɔəɟɑɗɖəŬɜ 

ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɘůŭɘɎůŰŬŰɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ůŰɞɡɠ ɢɟɧɜɞɡɠ Űɤɜ ŬˊŮɡɗŮɑŬɠ 

ŬɚɚɎ əŬɘ Űɤɜ ŬɜŬəɚɩɛŮɜɤɜ əɡɛɎŰɤɜ. 

ȸɎůŮɘ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ ˊɟɞəɨˊŰŮɘ Űɞ 

ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ ɛɏɗɞŭɞɠ Űɤɜ ɄŮˊŮɟŬůɛɏɜɤɜ ȹɘŬűɞɟɩɜ ůŰɘɠ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ ŮɑɜŬɘ 

ŮɝŬɘɟŮŰɘəɎ ŮɨɢɟɖůŰɖ əŬɘ ɛˊɞɟŮɑ ɜŬ ŬɜŰŬˊɞəɟɘɗŮɑ ɔɟɐɔɞɟŬ əŬɘ ɛŮ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ ůŮ 

ˊɞɚɨˊɚɞəŬ ɔŮɤɚɞɔɘəɎ ɛɞɜŰɏɚŬ. 

Ⱥˊɘˊɚɏɞɜ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ůŮ ŰɟɘůŭɘɎůŰŬŰɞ ɛɏůɞ ŮɑɜŬɘ 

ɞɟɗɎ, Ůűɧůɞɜ ɏɢɞɡɜ ŮˊŬɚɖɗŮɡŰŮɑ ɞɘ ɚɨůŮɘɠ Űɞɡɠ. ɆŰɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ŰɟɘůŭɘɎůŰŬŰɞɡ 

ɔŮɤɚɞɔɘəɞɨ ɛɞɜŰɏɚɞɡ ŬˊɞɗɐəŮɡůɖɠ CO2 ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ əŬɘ 

ůɡɔəɟɑůɘɛŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɘůŭɘɎůŰŬŰɖɠ ˊɟɞůɞɛɞɑɤůɖɠ.  
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ȷBSTRACT 

Accurate and realistic three dimensions (3D) wave equation modeling is 

becoming increasingly important as 3D data collected. A 3D world requires a 3D 

solution.  

So, the subject of the Diploma Thesis was the creation of a three-dimensional 

simulator algorithm, in order to simulate a three-dimensional geological model of 

carbon dioxide storage. The methodology was followed through the Finite Differences 

and more specific the MacCormack scheme. 

The Finite Difference Method is one of the most important numerical methods 

in geoscience simulations. This is happened due to the fact that these methods are easily 

adaptable to complex problems with high precision and computationally efficient. 

The implementation of these algorithms was done in the Matlab program, as 

well as simulations of the three-dimensional model. The correctness of the algorithms, 

is based on the comparison of the arithmetic with analytical solution, in a homogeneous 

model. 

Then, two different models, with two and three geological layers were 

simulated. Vertical times was calculated and correlated with the results of the traces. 

Finally, was simulated a three-dimensional geological model of Prinos Unit, with 

Carbon Dioxide (CO2) storage into the reservoir layer A1. To verify the simulation 

results were compared with the results of the two-dimensional simulation, and the 

matching of the traces from the directed and the reflected waves. 

Based on the results, it is concluded that the Finite Difference methods are 

extremely easy to use and can respond quickly and with great precision to complex 

geological models. 

In addition, the results of the algorithms in a three-dimensional medium are true 

because of, their solutions have been verified. In the simulation of the 3D geological 

model of CO2 storage the results are similar and comparable to the results of two-

dimensional simulation. So, it is believed that the results of the simulation are reliable, 

but there are several improvements in the overall structure of the algorithms. 
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ȺɘůŬɔɤɔɐ  

ɇɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ, ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ŬɟəŮŰɏɠ ŰŮɢɜɘəɏɠ ɔɘŬ Űɖɜ 

ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ůŮɘůɛɘəɩɜ əɡɛɎŰɤɜ ůŰɖ ũɖ. ȼ ůɡɛɓŬŰɘəɐ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ (Conventional Modeling) ŭɑɜŮɘ ˊŮɟɘɞɟɘůɛɏɜŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůŮ ɛŮɔɎɚŬ 

ɛɞɜŰɏɚŬ ɛŮ ůɨɜɗŮŰŮɠ ŭɞɛɏɠ ŮˊŮɘŭɐ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ɧɚŮɠ ɞɘ ˊɘɗŬɜɏɠ 

ŭɘŬŭɟɞɛɏɠ Űɤɜ əɡɛɎŰɤɜ. ɋůŰɧůɞ, Űɧůɞ ɖ Ůɝɏɚɘɝɖ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɘɠ 

ŬɟɘɗɛɖŰɘəɏɠ ɛŮɗɧŭɞɡɠ, ɛˊɞɟɞɨɜ ɜŬ ŮˊɘŰɟɏɣɞɡɜ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ ŮűŬɟɛɞɔɐ Űɤɜ 

ɛŮɗɧŭɤɜ ˊɞɡ ŮˊɘŰŮɚɞɨɜ ɛŮ ŬəɟɑɓŮɘŬ, ɟŮŬɚɘůŰɘəɏɠ ˊɟɞůɞɛɞɘɩůŮɘɠ əŬɘ ɏɢɞɡɜ ɛɘəɟɧ 

əɧůŰɞɠ (Vafidis, et al., 1996). 

Ƀɘ ŬɟɘɗɛɖŰɘəɏɠ ɛɏɗɞŭɞɘ ɛŮŰŬůɢɖɛŬŰɑɕɞɡɜ ɛɘŬ əɚŬůɘəɐ ŭɘŬűɞɟɘəɐ ɐ 

ɞɚɞəɚɖɟɤŰɘəɐ Ůɝɑůɤůɖ ůŮ ɏɜŬ ůɨůŰɖɛŬ ŬɚɔŮɓɟɘəɩɜ ŮɝɘůɩůŮɤɜ. ɆŰɘɠ ŬɟɘɗɛɖŰɘəɏɠ 

ɛŮɗɧŭɞɡɠ ɛɑŬ ůɡɜŮɢɐɠ ůɡɜɎɟŰɖůɖ ůŮ ɛɘŬ ŰɏŰɞɘŬ Ůɝɑůɤůɖ ˊɟɏˊŮɘ ɜŬ ŮəűɟŬůŰŮɑ Ŭˊɧ ɏɜŬ 

ˊŮˊŮɟŬůɛɏɜɞ ůɨɜɞɚɞ Ŭɟɘɗɛɩɜ. ȾɎɗŮ ŬɟɘɗɛɖŰɘəɐ ɛɏɗɞŭɞɠ ŮɑɜŬɘ ɛɞɜŬŭɘəɐ əŬŰɎ ɛɘŬ 

ɏɜɜɞɘŬ, ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ ŮəűɟɎɕŮɘ Űɖ ɚɨůɖ Űɖɠ ŭɘŬűɞɟɘəɐɠ Ůɝɑůɤůɖɠ 

Ŭˊɧ ɏɜŬ ˊŮˊŮɟŬůɛɏɜɞ ůɨɜɞɚɞ Ŭɟɘɗɛɩɜ əŬɘ ɛŮ Űɞɜ Űɟɧˊɞ ˊɞɡ ˊɟɞůŮɔɔɑɕŮɘ Űɘɠ 

ˊŬɟŬɔɩɔɞɡɠ əŬɘ ŰŬ ɞɚɞəɚɖɟɩɛŬŰŬ. 

ȼ ɀɏɗɞŭɞɠ Űɤɜ ɄŮˊŮɟŬůɛɏɜɤɜ ȹɘŬűɞɟɩɜ (Finite Difference Method) ŮɑɜŬɘ ɛɑŬ 

Ŭˊɧ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ŬɟɘɗɛɖŰɘəɏɠ ɛŮɗɧŭɞɡɠ ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ ůŮɘůɛɘəɩɜ ŮɟŮɡɜɩɜ. 

ɇɞ ɔŮɔɞɜɧɠ ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ ŮɑɜŬɘ ŮɨəɞɚŬ ŮűŬɟɛɧůɘɛɖ ůŮ ˊɞɚɨˊɚɞəŬ ˊɟɞɓɚɐɛŬŰŬ ɛŮ 

ůɢŮŰɘəɎ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ əŬɘ ŮɑɜŬɘ ŬɟəŮŰɎ ŬˊɞŭɞŰɘəɐ ɡˊɞɚɞɔɘůŰɘəɎ. Ⱥˊɘˊɚɏɞɜ, ɛˊɞɟŮɑ 

ɜŬ ɛŮŰŬŰɟŬˊŮɑ ůŮ ɡˊɞɚɞɔɘůŰɘəɧ əɩŭɘəŬ, ɧˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɚɞɔɘůɛɘəɎ ɧˊɤɠ  Matlab 

əŬɘ Python. 

ȷəɧɛŬ, ɖ ɛɏɗɞŭɞɠ Űɤɜ ɄŮˊŮɟŬůɛɏɜɤɜ ȹɘŬűɞɟɩɜ ŬɜɐəŮɘ ůŰɘɠ ɛŮɗɧŭɞɡɠ 

ˊɚɏɔɛŬŰɞɠ, ɎɟŬ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɗŬ ˊɟɏˊŮɘ ɞ ɢɩɟɞɠ ˊɞɡ ɗŬ ɔɑɜɞɡɜ ɞɘ ɡˊɞɚɞɔɘůɛɞɑ 

ɜŬ əŬɚɡűɗŮɑ Ŭˊɧ ɏɜŬ ˊɚɏɔɛŬ ɐ Ŭɚɚɘɩɠ əɎɜŬɓɞ (grid) ůŰɞ ɢɩɟɞ əŬɘ ɢɟɧɜɞ əŬɘ əɎɗŮ 

ůɡɜŮɢɐɠ ůɡɜɎɟŰɖůɖ ɜŬ ŬɜŬˊŬɟɑůŰŬŰŬɘ Ŭˊɧ Űɘɠ Űɘɛɏɠ Űɖɠ ůŰŬ ŭɘɎűɞɟŬ ůɖɛŮɑŬ Űɞɡ 

əŬɜɎɓɞɡ.  

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮŰŬˊŰɡɢɘŬəɐ ŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ ŬɟɘɗɛɖŰɘəɧ ůɢɐɛŬ 

Űɨɞ́ɡ MacCormack ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ŬəɞɡůŰɘəɩɜ (Ʌ) əɡɛɎŰɤɜ 

ůŮ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ. ȹɖɛɘɞɡɟɔɐɗɖəŬɜ ŰɟɑŬ ŭɘŬűɞɟŮŰɘəɎ ɛɞɜŰɏɚŬ ˊɟɞůɞɛɞɑɤůɖɠ ɛŮ 

ɏɜŬ, ŭɨɞ əŬɘ ŰɟɑŬ ɔŮɤɚɞɔɘəɎ ůŰɟɩɛŬŰŬ. ɆŰɖɜ ůɡɜɏɢŮɘŬ ŭɖɛɘɞɡɟɔɐɗɖəŮ ɛɞɜŰɏɚɞ 

ŰŬɛɘŮɡŰɐɟŬ Űɞɡ Ʉɟɑɜɞɡ ůŰɞ ɞˊɞɑɞ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ˊɟɞůɞɛɞɑɤůɖ ŬˊɞɗɐəŮɡůɖɠ 
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ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ (CO2). Ⱥˊɑůɖɠ, ůɡɔəɟɑɜɞɜŰŬɘ ɞɘ Űɞɛɏɠ Űɤɜ ůɡɜɗŮŰɘəɩɜ 

ůŮɘůɛɞɔɟŬɛɛɎŰɤɜ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ ˊɟɞůɞɛɞɑɤůɖɠ, ɛŮ Űɘɠ Űɞɛɏɠ Űɖɠ ŭɘůŭɘɎůŰŬŰɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ, ɔɘŬ ɜŬ ŭɘŬůŰŬɡɟɤɗŮɑ ɖ ŬəŮɟŬɘɧŰɖŰŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ.  
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1ɞ ȾŮűɎɚŬɘɞ  

 

ȼ ɛŮɚɏŰɖ Űɤɜ ŮŭŬűɘəɩɜ əɘɜɐůŮɤɜ ɓŬůɑɕŮŰŬɘ ůŰɖ ɗŮɤɟɑŬ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ. 

ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ůɡɜɞˊŰɘəɎ ɞɘ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ɗŮɤɟɑŬ Űɖɠ ŭɘɎŭɞůɖɠ Űɤɜ ůŮɘůɛɘəɩɜ (ŮɚŬůŰɘəɩɜ) əɡɛɎŰɤɜ əŬɘ Űɖ 

ůɢɏůɖ Űɞɡɠ ɛŮ Űɘɠ ŭɡɜŬɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŮŭɎűɞɡɠ. 

 

1.1 ŪŮɤɟɑŬ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ  

 

ȸŬůɘəɧ ŬɜŰɘəŮɑɛŮɜɞ ɛŮɚɏŰɖɠ ůŰɖ ɗŮɤɟɑŬ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬˊɞŰŮɚŮɑ, ɖ 

ˊŬɟŬɛɧɟűɤůɖ Űɖɠ ɨɚɖɠ ɧŰŬɜ ɡˊɧəŮɘŰŬɘ ůŮ ŰɎůɖ ůŮ ɏɜŬ ˊɚŬɑůɘɞ ˊŬɟŬŭɞɢɩɜ, ɤɠ ˊɟɞɠ 

Űɘɠ ůɡɜɗɐəŮɠ əŬɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ (ɧˊɤɠ ŮɑɜŬɘ ɖ ŰɎɝɖ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ, ŰŬ ɧɟɘŬ 

ŮɚŬůŰɘəɧŰɖŰŬɠ, ɖ ɔɟŬɛɛɘəɧŰɖŰŬ Űɞɡ ɛɏůɞɡ) ˊɞɡ ůɡɜɗɏŰɞɡɜ Űɖ ˊŮɟɘɞɢɐ ɘůɢɨɞɠ Űɖɠ. 

ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɗŬ ˊɟɏˊŮɘ ɜŬ ɞɟɘůŰŮɑ ɖ ɏɜɜɞɘŬ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ. 

ȺɚŬůŰɘəɧŰɖŰŬ ŮɑɜŬɘ ɖ ɘŭɘɧŰɖŰŬ ɡɚɘəɩɜ ůɤɛɎŰɤɜ ɜŬ ŮˊŬɜɏɟɢɞɜŰŬɘ ůŰɞ Ŭɟɢɘəɧ Űɞɡɠ 

ůɢɐɛŬ ɛŮŰɎ Ŭˊɧ Ɏůəɖůɖ ŮɝɤŰŮɟɘəɐɠ ŰɎůɖɠ. ȺɚŬůŰɘəɎ ɗŮɤɟɞɨɜŰŬɘ ŰŬ ůɩɛŬŰŬ ůŰŬ 

ɞˊɞɑŬ ŬˊɞəŬɗɑůŰŬŰŬɘ Űɞ Ŭɟɢɘəɧ Űɞɡɠ ůɢɐɛŬ ɧŰŬɜ ɛɖŭŮɜɑɕŮŰŬɘ ɖ ŰɎůɖ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ 

ůŮ ŬɡŰɎ, Ůɜɩ ˊɚŬůŰɘəɎ ŮɑɜŬɘ ŰŬ ůɩɛŬŰŬ ˊɞɡ ɖ ˊŬɟŬɛɧɟűɤůɖ ˊɞɡ ɏɢɞɡɜ ŭŮɢŰŮɑ 

ˊŬɟŬɛɏɜŮɘ ɛɧɜɘɛŬ. ȼ ŮɚŬůŰɘəɧŰɖŰŬ Űɤɜ ůɤɛɎŰɤɜ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɏɜŬ űɡůɘəɧ 

ɛɏɔŮɗɞɠ, ɔɜɤůŰɧ ɤɠ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ (Sheriff & Geldart, 1995). 

ȾɎɗŮ ɡɚɘəɧ ůɩɛŬ ɛŮ Űɖɜ Ɏůəɖůɖ ŰɎůɖɠ, ŭɖɚŬŭɐ ŭɨɜŬɛɖɠ ŬɜɎ ɛɞɜɎŭŬ 

ŮˊɘűɎɜŮɘŬɠ, ˊŬɟŬɛɞɟűɩɜŮŰŬɘ. ũɘŬ ɛɘəɟɏɠ ŰɎůŮɘɠ, ɖ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ ŬɜɎɚɞɔɖ Űɖɠ 

ŰɎůɖɠ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ. Ƀ ɚɧɔɞɠ Űɖɠ ŰɎůɖɠ ˊɟɞɠ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ ůŮ əɎɗŮ ůɩɛŬ 

ŮɑɜŬɘ ůŰŬɗŮɟɧɠ, əŬɘ ɞɜɞɛɎɕŮŰŬɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, Űɞ ɞˊɞɑɞ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɡɚɘəɧ 

ˊɞɡ ˊŬɟŬɛɞɟűɩɜŮŰŬɘ əŬɘ Űɖɜ űɨůɖ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ (Serway, 2018). 

ɆŰɞ ˊɚŬɑůɘɞ Űɤɜ ˊŬɟŬŭɞɢɩɜ ůɢŮŰɘəɎ ɛŮ ŰŬ ŮɚŬůŰɘəɎ ɛɏůŬ, Űɘɠ ůɡɜɗɐəŮɠ əŬɘ ŰŬ 

ɧɟɘŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ɗŮɤɟɑŬɠ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɖ ŭɞɛɐ Űɤɜ ɡɚɘəɩɜ ɗŮɤɟŮɑŰŬɘ ɤɠ 

əɟɡůŰŬɚɚɘəɐ ɐ ɛɞɟɘŬəɐ. ɃˊɧŰŮ, ɞɘ ŮůɤŰŮɟɘəɏɠ ŭɡɜɎɛŮɘɠ (ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ Űɖɠ ɨɚɖɠ) 

ˊŬɟŬɚŮɑˊɞɜŰŬɘ əŬɘ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɛɧɜɞ ɞɘ ůɡɜɘůŰŬɛɏɜŮɠ ŭɡɜɎɛŮɘɠ Űɤɜ 

ɛɘəɟɞŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ. Ƀɘ ɛŮŰŬɓɚɖŰɏɠ ˊɞɡ ɡˊŮɘůɏɟɢɞɜŰŬɘ ůŰɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 

ŮɝɘůɩůŮɘɠ ɞɟɑɕɞɜŰŬɘ ŰɏɚŮɘŬ, ɛŬəɟɞůəɞˊɘəɎ əŬɘ ɗŮɤɟɞɨɜŰŬɘ ůɡɜŮɢŮɑɠ. Ƀɘ ůɡɜɞˊŰɘəɏɠ 
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ŬɡŰɏɠ ˊŬɟŬŭɞɢɏɠ ˊɟɞɦˊɞɗɏŰɞɡɜ ɧŰɘ ɞɘ ɧɔəɞɘ, ůŰɞɡɠ ɞˊɞɑɞɡɠ ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ 

ůɡɜɘůŰŬɛɏɜŮɠ ŭɡɜɎɛŮɘɠ, ˊŮɟɘɏɢɞɡɜ ɏɜŬ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ əɧəəɤɜ ŰɏŰɞɘɞ ˊɞɡ 

ŮɝŬůűŬɚɑɕŮŰŬɘ ɖ çůɡɜɏɢŮɘŬè Űɞɡ ɛɏůɞɡ əŬɘ Űɤɜ ŰɎůŮɤɜ ˊɞɡ ŬůəɞɨɜŰŬɘ ůŮ ŬɡŰɧ. Ƀɘ 

əŬŰŬůŰŬŰɘəɞɑ ɜɧɛɞɘ (ůɢɏůŮɘɠ ŰɎůɖɠ - ˊŬɟŬɛɧɟűɤůɖɠ), ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ŰɏɚŮɘɞ 

ŮɚŬůŰɘəɧ ůŰŮɟŮɧ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ (ȾɟɖŰɘəɎəɖɠ, 2000). 

 

1.2 ɇɎůɖ 

 

ȼ ŭɨɜŬɛɖ ŬɜɎ ɛɞɜɎŭŬ ŮˊɘűɎɜŮɘŬɠ, ɐ ɖ ɏɜŰŬůɖ Űɤɜ ŭɡɜɎɛŮɤɜ ˊɞɡ əŬŰŬɜɏɛɞɜŰŬɘ 

ůŮ ɛɘŬ ŭŮŭɞɛɏɜɖ ŮˊɘűɎɜŮɘŬ, ɞɜɞɛɎɕŮŰŬɘ ŰɎůɖ ůŮ ŬɡŰɐ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ůɡɛɓɞɚɑɕŮŰŬɘ 

ɛŮ Űɞ Ⱥɚɚɖɜɘəɧ ɔɟɎɛɛŬ ů. ȷɜ ɖ ŭɨɜŬɛɖ ɛŮŰŬɓɎɚɚŮŰŬɘ Ŭˊɧ ůɖɛŮɑɞ ůŮ ůɖɛŮɑɞ, ɖ ŰɎůɖ 

Ůˊɑůɖɠ ɛŮŰŬɓɎɚɚŮŰŬɘ əŬɘ ɖ Űɘɛɐ Űɖɠ ůŮ əɎɗŮ ůɖɛŮɑɞ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ˊŬɑɟɜɞɜŰŬɠ ɏɜŬ 

ŬˊŮɘɟɞŮɚɎɢɘůŰŬ ɛɘəɟɧ ŰɛɐɛŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ˊɞɡ ɏɢŮɘ əɏɜŰɟɞ ŬɡŰɧ Űɞ ůɖɛŮɑɞ əŬɘ 

ŭɘŬɘɟɩɜŰŬɠ Űɖ ůɡɜɞɚɘəɐ ŭɨɜŬɛɖ ˊɞɡ ŮˊɘŭɟɎ ůŮ ŬɡŰɐɜ Űɖɜ ŮˊɘűɎɜŮɘŬ ɛŮ Űɞ ɛɏɔŮɗɞɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɖ ŭɨɜŬɛɖ ŮɑɜŬɘ əɎɗŮŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ,  ɖ ŰɎůɖ 

ɞɜɞɛɎɕŮŰŬɘ əɨɟɘŬ ŰɎůɖ ɐ ˊɑŮůɖ (normal stress or pressure). ȳŰŬɜ ɖ ŭɨɜŬɛɖ ŮɑɜŬɘ 

ŮűŬˊŰɧɛŮɜɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ɖ ŰɎůɖ ɞɜɞɛɎɕŮŰŬɘ ŭɘŬŰɛɖŰɘəɐ (Sheriff & Geldart, 1995). 

Ƀ əŬɚɨŰŮɟɞɠ Űɟɧˊɞɠ ɔɘŬ ɜŬ ˊŬɟŬůŰŬɗɞɨɜ ɔɟŬűɘəɎ ɧɚŮɠ ɞɘ ůɡɜɘůŰɩůŮɠ Űɖɠ 

ŰɎůɖɠ ůŮ ɏɜŬ ůɖɛŮɑɞ Ɇ, ŮɑɜŬɘ ɜŬ ɗŮɤɟɖɗŮɑ ɏɜŬ ɛɘəɟɧ ŰɛɐɛŬ ɧɔəɞɡ ŮůɤŰŮɟɘəɎ Ůɜɧɠ 

ůɩɛŬŰɞɠ. ɇɞ ŰɛɐɛŬ ɧɔəɞɡ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ əɨɓɞɠ əŬɘ ɗŬ ɞɟɘůŰŮɑ ɤɠ ůŰɞɘɢŮɑɞ ŰɎůɖɠ. 

ɆŰɘɠ əɟɡɛɛɏɜŮɠ  ˊɚŮɡɟɏɠ Űɞɡ əɨɓɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ Ůˊɑůɖɠ ŰɎůŮɘɠ ɞɘ ɞˊɞɑŮɠ ɏɢɞɡɜ Űɖɜ 

ŬɜŰɑɗŮŰɖ űɞɟɎ Ŭˊɧ Űɘɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ˊɟɞɓɎɚɚɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 1. 1, Űɞɡ ůŰɞɘɢŮɑɞɡ. 

ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ űŬɜŮɑ ŮɡəɞɚɧŰŮɟŬ ůŮ ɛɑŬ ŭɘůŭɘɎůŰŬŰɖ ˊɟɞɓɞɚɐ Űɞɡ ůŰɞɘɢŮɑɞɡ ŰɎůɖɠ 

ˊ.ɢ. ůŰɞ ŮˊɑˊŮŭɞ x y (ɆɢɐɛŬ 1. 1).  
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ɆɢɐɛŬ 1. 1: (a) ɇɟɘůŭɘɎůŰŬŰɞ əŬɘ (b) ŭɘůŭɘɎůŰŬŰɞ ůŰɞɘɢŮɑɞ ɇɎůɖɠ (ɄŬˊŬɛɑɢɞɠ & ɉŬɟŬɚŬɛˊɎəɖɠ, 2006) 

ɆŮ əɎɗŮ ůɖɛŮɑɞ ɡˊɎɟɢɞɡɜ ŮɜɜɏŬ ůɡɜɘůŰɩůŮɠ Űɖɠ ŰɎůɖɠ, ŰɟŮɘɠ ůŮ əɎɗŮ ŮˊɑˊŮŭɞ. 

ɇɟŮɘɠ Ŭˊɧ Űɘɠ ůɡɜɘůŰɩůŮɠ ŮɑɜŬɘ ɞɟɗɏɠ əŬɘ ɞɘ ɡˊɧɚɞɘˊŮɠ ɏɝɘ ŮɑɜŬɘ ŭɘŬŰɛɖŰɘəɏɠ. Ƀɘ 

ůɡɜɘůŰɩůŮɠ ŬɡŰɏɠ, ˊŮɟɘɔɟɎűɞɡɜ ˊɚɐɟɤɠ Űɖɜ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ ůŮ ɏɜŬ ůɖɛŮɑɞ Űɞɡ 

ůɩɛŬŰɞɠ.  

ȷˊɧ Űɖɜ ɘůɞɟɟɞˊɑŬ Űɤɜ ɟɞˊɩɜ Űɞɡ ůŰɞɘɢŮɑɞɡ ŰɎůɖɠ, ˊɟɞəɨˊŰɞɡɜ ɞɟɘůɛɏɜŮɠ 

ůɖɛŬɜŰɘəɏɠ ůɢɏůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ ŰɎůŮɤɜ, ŭɖɚŬŭɐ 

ůxy = ůyx          ůyz = ůzy       ůzx = ůxz 

Ⱥˊɞɛɏɜɤɠ, Ŭˊɧ Űɘɠ ŮɜɜɏŬ ůɡɜɘůŰɩůŮɠ Űɖɠ ŰɎůɖɠ, ɞɘ ɏɝɘ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ 

ŬɜŮɝɎɟŰɖŰŮɠ əŬɘ ˊɟɞůŭɘɞɟɑɕɞɡɜ ˊɚɐɟɤɠ Űɖɜ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ ůŮ ɏɜŬ ůɖɛŮɑɞ Ůɜɧɠ 

ůɩɛŬŰɞɠ. Ƀɘ ůɡɜɘůŰɩůŮɠ Űɖɠ ŰɎůɖɠ ɛˊɞɟɞɨɜ ɜŬ ɔɟŬűɞɨɜ ɤɠ: 

„

„ „ „
„ „ „
„ „ „

      ɐ    „

„ „ „
„ „ „
„ „ „

 

ɧˊɞɡ ɞɘ ɞɟɗɏɠ ŰɎůŮɘɠ ɓɟɑůəɞɜŰŬɘ ůŰɖ ŭɘŬɔɩɜɘɞ əŬɘ ɞɘ ŭɘŬŰɛɖŰɘəɏɠ ŮəŬŰɏɟɤɗŮɜ 

Űɖɠ ŭɘŬɔɤɜɑɞɡ. Ƀ ˊɑɜŬəŬɠ [ů] ɏɢŮɘ ŭɘŬůŰɎůŮɘɠ 3 x 3 əŬɘ ŮɑɜŬɘ ůɡɛɛŮŰɟɘəɧɠ, ŭɖɚŬŭɐ 

[ů]=[ů]ɇ. Ƀɘ ůɡɜɘůŰɩůŮɠ Űɖɠ ŰɎůɖɠ ŮəűɟɎɕɞɜŰŬɘ Ůˊɑůɖɠ ɛŮ ůɡɛɓɞɚɘůɛɧ ŭŮɘəŰɩɜ ɤɠ ůij, 

i, j= 1,2,3, ɛŮ ůij = ůji (ɄŬˊŬɛɑɢɞɠ & ɉŬɟŬɚŬɛˊɎəɖɠ, 2006). 
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1.3 ɄŬɟŬɛɧɟűɤůɖ  

 

ȳŰŬɜ ɏɜŬ ŮɚŬůŰɘəɧ ůɩɛŬ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ŰɎůɖ, ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮŰŬɓɞɚɏɠ 

ůŰɞ ůɢɐɛŬ Űɞɡ əŬɘ ůŰɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ ɞɘ ɞˊɞɑŮɠ ɞɜɞɛɎɕɞɜŰŬɘ ˊŬɟŬɛɞɟűɩůŮɘɠ (Sheriff 

& Geldart, 1995). 

ȰůŰɤ ɞɟɗɞɔɩɜɘɞ PQRS ůŰɞ ŮˊɑˊŮŭɞ x - y (ɆɢɐɛŬ 1. 2). ȳŰŬɜ ŮűŬɟɛɞůŰŮɑ 

əɎˊɞɘŬ ŰɎůɖ ůŰɞ ɞɟɗɞɔɩɜɘɞ, ɏůŰɤ ɧŰɘ Űɞ ůɖɛŮɑɞ P ɛŮŰŬəɘɜŮɑŰŬɘ ůŰɞ Pô əŬɘ ŰɧŰŮ Űɞ 

ŭɘɎɜɡůɛŬ PPô ɗŬ ɏɢŮɘ ůɡɜɘůŰɩůŮɠ ŰŬ u əŬɘ v. ȷɜ ɞɘ ɡˊɧɚɞɘˊŮɠ əɞɟɡűɏɠ, ɧˊɤɠ űŬɑɜɞɜŰŬɘ 

ůŰɞ ůɢɐɛŬ, Q, R, əŬɘ S ɏɢɞɡɜ Űɖɜ ɑŭɘŬ ɛŮŰŬŰɧˊɘůɖ ɧˊɤɠ Űɞ P, ŰɧŰŮ Űɞ ɞɟɗɞɔɩɜɘɞ Ŭˊɚɩɠ 

ɏɢŮɘ ɛŮŰŬəɘɜɖɗŮɑ ɞɚɧəɚɖɟɞ əŬŰɎ Űɘɠ ŬˊɞůŰɎůŮɘɠ u əŬɘ v. ɇɧŰŮ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ 

ˊŮɟɑˊŰɤůɖ ŭŮɜ ɡˊɎɟɢɞɡɜ ɛŮŰŬɓɞɚɏɠ ůŰɞ ɛɏɔŮɗɞɠ əŬɘ Űɞ ůɢɐɛŬ Űɞɡ ɞɟɗɞɔɤɜɑɞɡ, ɎɟŬ 

ŭŮɜ ɡűɑůŰŬŰŬɘ əŬɘ ˊŬɟŬɛɧɟűɤůɖ. ɋůŰɧůɞ, Ŭɜ ŰŬ u əŬɘ v ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɎ ɔɘŬ Űɘɠ 

ŭɘɎűɞɟŮɠ əɞɟɡűɏɠ, ůŰɞ ɞɟɗɞɔɩɜɘɞ ɗŬ ɡűɑůŰŬɜŰŬɘ ɛŮŰŬɓɞɚɏɠ ůŰɞ ɛɏɔŮɗɞɠ əŬɘ Űɞ ůɢɐɛŬ 

əŬɘ Ůˊɞɛɏɜɤɠ ɗŬ ɡˊɎɟɢŮɘ ˊŬɟŬɛɧɟűɤůɖ. 

ȺɎɜ ɗŮɤɟɖɗŮɑ ɧŰɘ ŰŬ u əŬɘ ɜ ŮɑɜŬɘ ůɡɜŬɟŰɐůŮɘɠ Űɤɜ x əŬɘ y, u = u(x, y) əŬɘ 

ɜ=v(x, y). ɇɧŰŮ ɞɘ ůɡɜŰŮŰŬɔɛɏɜŮɠ Űɤɜ əɞɟɡűɩɜ Űɤɜ ɞɟɗɞɔɤɜɑɤɜ PQRS əŬɘ PôQôRôSô 

ɗŬ ŮɑɜŬɘ: 

P (x, y):   Pô (x + u, y + v) 

Q (x + dx, y):  Qô (x + Ὠὼ + u +  Ὠὼ, y + v + Ὠὼ) 

S (x, y + dy):   Sô (x + u + Ὠώ, y + Ὠώ + v + Ὠώ) 

R (x + dx, y + dy):  Rô (x + Ὠὼ + u +  Ὠὼ + Ὠώȟ y + Ὠώ + v + Ὠὼ + 

Ὠώ). 

ũŮɜɘəɎ, ɞɘ ɛŮŰŬɓɞɚɏɠ ůŰŬ u əŬɘ ɜ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ˊɞůɧŰɖŰŮɠ Ὠὼ 

əŬɘ Ὠώ. ȾŬŰɎ ůɡɜɏˊɘŬ, ɗŬ ɡˊɞŰŮɗŮɑ ɧŰɘ ɞɘ ɧɟɞɘ ‬όȾ‬ὼ, ‬όȾ‬ώ, ‬ὺȾ‬ὼ, ‬ὺȾ‬ώ ŮɑɜŬɘ 

Űɧůɞ ɛɘəɟɞɑ ˊɞɡ ɞɘ ŭɡɜɎɛŮɘɠ əŬɘ ŰŬ ˊŬɟɎɔɤɔɎ Űɞɡɠ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬɚŮɘűɗɞɨɜ. ɀŮ 

ŬɡŰɐ Űɖɜ ˊɟɞɦˊɧɗŮůɖ, ˊɟɞəɨˊŰɞɡɜ ŰŬ ˊŬɟŬəɎŰɤ (Sheriff & Geldart, 1995): 

1. ɇɞ PQ ŬɡɝɎɜŮŰŬɘ ůŰɞ ɛɐəɞɠ əŬŰɎ     dx əŬɘ Űɞ PS əŬŰɎ    dy. ȰŰůɘ, 

ŰŬ ‬όȾ‬ὼ əŬɘ ŰŬ ‬ὺȾ‬ώ ŮɑɜŬɘ ɞɘ əɚŬůɛŬŰɘəɏɠ ŬɡɝɐůŮɘɠ Űɞɡ ɛɐəɞɡɠ Űɞɡ əɎɗŮ ɎɝɞɜŬ. 
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2. Ƀɘ ˊɞɚɨ ɛɘəɟɏɠ ɔɤɜɑŮɠ ŭ1 əŬɘ ŭ2 ŮɑɜŬɘ ɑůŮɠ ɛŮ ŰŬ ɛŮɔɏɗɖ ‬ὺȾ‬ὼ əŬɘ ‬όȾ‬ώ 

ŬɜŰɑůŰɞɘɢŬ. 

3. ȼ ɞɟɗɐ ɔɤɜɑŬ ůŰɞ ůɖɛŮɑɞ P ŮɚŬŰŰɩɜŮŰŬɘ əŬŰɎ ŭ1 + ŭ2 =  ‬ὺȾ‬ὼ + ‬όȾ‬ώ. 

4. ɇɞ ɞɟɗɞɔɩɜɘɞ ɞɚɧəɚɖɟɞ ɏɢŮɘ ůŰɟŬűŮɑ ŬɟɘůŰŮɟɧůŰɟɞűŬ əŬŰɎ ɔɤɜɑŬ (ŭ1 - ŭ2)/2 

= ‬ὺȾ‬ὼ - ‬όȾ‬ώ/2. 

 

ɆɢɐɛŬ 1. 2: ȷɜɎɚɡůɖ ɛɑŬɠ ŭɘůŭɘɎůŰŬŰɖɠ ˊŬɟŬɛɧɟűɤůɖɠ (Sheriff & Geldart, 1995). 

ɄŬɟŬɛɧɟűɤůɖ ɞɟɑɕŮŰŬɘ ɤɠ ɖ ůɢŮŰɘəɐ ɛŮŰŬɓɞɚɐ (fractional change) ůŮ ɛɑŬ 

ŭɘɎůŰŬůɖ ɐ ůŰɞ ůɢɐɛŬ Ůɜɧɠ ůɩɛŬŰɞɠ. Ƀɘ ˊɞůɧŰɖŰŮɠ ‬όȾ‬ὼ əŬɘ ‬ὺȾ‬ώ ŮɑɜŬɘ ɞɘ ůɢŮŰɘəɏɠ 

ŬɡɝɐůŮɘɠ ůŰɞ ɛɐəɞɠ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ x əŬɘ Űɞɡ y ɎɝɞɜŬ ŬɜŰɑůŰɞɘɢŬ əŬɘ 

ŬɜŬűɏɟɞɜŰŬɘ ɤɠ əɨɟɘŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ (normal strains). ȼ ˊɞůɧŰɖŰŬ ‬ὺȾ‬ὼ + ‬όȾ‬ώ 

ŮəűɟɎɕŮɘ Űɞ ˊɞůɧ Űɖɠ ŮɚɎŰŰɤůɖɠ Űɖɠ ɞɟɗɐɠ ɔɤɜɑŬɠ ůŰɞ ŮˊɑˊŮŭɞ x ï y. ȰŰůɘ, Űɞ ˊɞůɧ 

ŬɡŰɧ, ŬˊɞŰŮɚŮɑ ɏɜŬ ɛɏŰɟɞ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɞɡ ɛɏůɞɡ, ɔɜɤůŰɧ əŬɘ ůŬɜ ŭɘŬŰɛɖŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ (shearing strain) əŬɘ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ Ůxy. ȼ ˊɞůɧŰɖŰŬ ‬ὺȾ‬ὼ -

 ‬όȾ‬ώ/2, ɖ ɞˊɞɑŬ ŬɜŬˊŬɟɘůŰɎ ɛɑŬ ˊŮɟɘůŰɟɞűɐ Űɞɡ ůɩɛŬŰɞɠ ɔɨɟɤ Ŭˊɧ Űɞɜ z ï ɎɝɞɜŬ 

əŬɘ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ ɗz, ŭŮɜ ůɡɛˊŮɟɘɚŬɛɓɎɜŮɘ ɛŮŰŬɓɞɚɐ ůŰɞ ɛɏɔŮɗɞɠ ɐ Űɞ ůɢɐɛŬ əŬɘ 

ɔɘô ŬɡŰɧ ŭŮɜ ŬˊɞŰŮɚŮɑ ˊŬɟŬɛɧɟűɤůɖ. 

ȺˊŮəŰŮɑɜɞɜŰŬɠ Űɖɜ ŬɜɎɚɡůɖ ŬɡŰɐ ůŰɘɠ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ, ɗŮɤɟɞɨɛŮ ɤɠ (u, v, w) 

Űɘɠ ůɡɜɘůŰɩůŮɠ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ Ůɜɧɠ ůɖɛŮɑɞɡ Ʌ(x, y, z). ȰŰůɘ, ɞɘ ůŰɞɘɢŮɘɩŭŮɘɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ ŮɑɜŬɘ (Sheriff & Geldart, 1995): 
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ȾɨɟɘŮɠ ɄŬɟŬɛɞɟűɩůŮɘɠ  

ừ
Ử
Ừ

Ử
ứ‐

‐

‐ ữ
Ử
Ữ

Ử
ử

   (Ůɝ. 1. 1) 

ȹɘŬŰɛɖŰɘəɏɠ ɄŬɟŬɛɞɟűɩůŮɘɠ   

ừ
Ử
Ừ

Ử
ứ‐ ‐

‐ ‐

‐ ‐ ữ
Ử
Ữ

Ử
ử

   (Ůɝ. 1. 2) 

ɄŬɟɎɚɚɖɚŬ ɛŮ ŬɡŰɏɠ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, Űɞ ůɩɛŬ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ Ŭˊɚɐ 

ˊŮɟɘůŰɟɞűɐ ɔɨɟɤ Ŭˊɧ ŰɟŮɘɠ ɎɝɞɜŮɠ ˊɞɡ ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ: 

ừ
Ử
Ừ

Ử
ứⱣ●

⸗◌

⸗◐
      

 ⸗○

⸗◑ȟ

Ᵽ◐

⸗◊ 

⸗◑
     

⸗◌

⸗●ȟ

Ᵽ◑

⸗○  

⸗●
      

⸗◊

⸗◐ȟữ
Ử
Ữ

Ử
ử

   (Ůɝ. 1. 3) 

Ƀɘ ŮɝɘůɩůŮɘɠ (Ůɝ. 1.3) ůŮ ŭɘŬɜɡůɛŬŰɘəɐ ɛɞɟűɐ ɔɟɎűɞɜŰŬɘ ɤɠ Ůɝɐɠ: 

Ū=—i +—Ὦ +—Ὧ= 
 ɳ‒

ς
,    (Ůɝ. 1. 4) 

ɧˊɞɡ  ɕ=u i + v j  + w k ŮɑɜŬɘ Űɞ ŭɘɎɜɡůɛŬ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ůɖɛŮɑɞɡ P (x, y, z) 

əŬɘ i, j, k ŮɑɜŬɘ ɛɞɜŬŭɘŬɑŬ ŭɘŬɜɨůɛŬŰŬ ůŰɞɡɠ x-, y-, z- ɎɝɞɜŮɠ.  

Ƀɘ əɨɟɘŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɏɢɞɡɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮŰŬɓɞɚɐ ůŰɞɜ ɧɔəɞ, ɧŰŬɜ 

ɏɜŬ ůɩɛŬ ɓɟɑůəŮŰŬɘ ůŮ əŬŰɎůŰŬůɖ űɧɟŰɘůɖɠ. ȼ ɛŮŰŬɓɞɚɐ ůŰɞɜ ɧɔəɞ ŬɜɎ ɛɞɜɎŭŬ 

ɧɔəɞɡ ɞɜɞɛɎɕŮŰŬɘ ŭɘŬůŰɞɚɐ (dilatation) əŬɘ ˊŬɟɑůŰŬŰŬɘ ɛŮ ȹ. ȷɜ ɗŮɤɟɖɗŮɑ ɏɜŬ 

ɞɟɗɞɔɩɜɘɞ ˊŬɟŬɚɚɖɚŮˊɑˊŮŭɞ ɛŮ ˊɚŮɡɟɏɠ dx, dy əŬɘ dz ɤɠ Ŭɟɢɘəɧ ɛɖ ˊŬɟŬɛɞɟűɤɛɏɜɞ  

ɛɏůɞ, ůŰɞ ˊŬɟŬɛɞɟűɤɛɏɜɞ ůɩɛŬ ɞɘ ŭɘŬůŰɎůŮɘɠ ɗŬ ŮɑɜŬɘ dx(1+‐ ), dy(1+‐ ), əŬɘ 

dz(1+‐) ŬɜŰɑůŰɞɘɢŬ. ȰŰůɘ, ɖ ɛŮŰŬɓɞɚɐ ůŰɞɜ ɧɔəɞ ŮɑɜŬɘ əŬŰɎ ˊɟɞůɏɔɔɘůɖ (‐ ‐

‐) dx dy dz. ȺˊŮɘŭɐ ɞ Ŭɟɢɘəɧɠ ɧɔəɞɠ ɐŰŬɜ (dx dy dz), ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ɛŮŰŬɓɞɚɐ 

Űɞɡ ɧɔəɞɡ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ ȹ, ŮɑɜŬɘ: 

ȹ=‐ ‐ ‐ = Ͻɳ‒    (Ůɝ. 1. 5) 
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1.4 Ɂɧɛɞɠ Űɞɡ Hooke 

 

ȰɢɞɜŰŬɠ ůəɞˊɧ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ɧŰŬɜ ɞɘ ŰɎůŮɘɠ ŮɑɜŬɘ 

ɔɜɤůŰɏɠ, ɗŬ ˊɟɏˊŮɘ ˊɟɩŰŬ ɜŬ ŮɑɜŬɘ ɔɜɤůŰɐ ɖ ůɢɏůɖ ɛŮŰŬɝɨ ŰɎůɖɠ əŬɘ ˊŬɟŬɛɧɟűɤůɖɠ. 

ȳŰŬɜ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ŮɑɜŬɘ ɛɘəɟɏɠ, ɖ ůɢɏůɖ ŬɡŰɐ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞ ɜɧɛɞ Űɞɡ Hooke, o 

ɞˊɞɑɞɠ ɡˊɞůŰɖɟɑɕŮɘ ɧŰɘ ɛɘŬ ŭŮŭɞɛɏɜɖ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ Ůɡɗɏɤɠ ŬɜɎɚɞɔɖ ůŰɖɜ ŰɎůɖ 

ˊɞɡ Űɖɜ ˊɟɞəŬɚŮɑ. Ƀɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɖ ŭɘɎŭɞůɖ Űɤɜ 

ůŮɘůɛɘəɩɜ əɡɛɎŰɤɜ ŮɑɜŬɘ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 10-8 m. 

ȼ ůɡɜɞɚɘəɐ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ˊɞɡ 

ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ Űɘɠ ŬɜŮɝɎɟŰɖŰŮɠ ŰɎůŮɘɠ. ɃˊɧŰŮ ˊɟɞəɨˊŰŮɘ ɧŰɘ əɎɗŮ ˊŬɟŬɛɧɟűɤůɖ 

ŮɑɜŬɘ ɛɘŬ ɔɟŬɛɛɘəɐ ůɡɜɎɟŰɖůɖ ɧɚɤɜ Űɤɜ ŰɎůŮɤɜ ˊɞɡ ŮˊŮɜŮɟɔɞɨɜ ůŰɞ ůɩɛŬ əŬɘ Űɞ 

ŬɜŰɑůŰɟɞűɞ. 

ũŮɜɘəɎ, ɞ ɜɧɛɞɠ Űɞɡ Hooke ɞŭɖɔŮɑ ůŮ ˊŮɟɑˊɚɞəɞɡɠ ůɡůɢŮŰɘůɛɞɨɠ. ȼ ŰɎůɖ əŬɘ 

ɖ ˊŬɟŬɛɧɟűɤůɖ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬůŰŬɗɞɨɜ ɤɠ ŰŬɜɡůŰɏɠ ŭŮɡŰɏɟŬɠ ŰɎɝɖɠ (ˊɑɜŬəŮɠ 3x3) 

ɏŰůɘ ɩůŰŮ ɖ ɛŮŰŬɝɨ Űɞɡɠ ůɡůɢɏŰɘůɖ Ŭˊɧ Űɞ ɜɧɛɞ Űɞɡ Hooke ɜŬ ŮɑɜŬɘ ŰŬɜɡůŰɐɠ ŰɏŰŬɟŰɖɠ 

ŰɎɝɖɠ. ȼ ŰɎůɖ əŬɘ ɖ ˊŬɟŬɛɧɟűɤůɖ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬůŰŬɗɞɨɜ ɤɠ ˊɑɜŬəŮɠ 1x6 (Ůɝ. 1.3) 

əŬɘ ɖ ŬɜŬɚɞɔɑŬ Űɞɡɠ, ůɨɛűɤɜŬ ɛŮ Űɞ ɜɧɛɞ Űɞɡ Hooke, ɤɠ ɏɜŬɠ ˊɑɜŬəŬɠ 6x6, Űɞɡ ɞˊɞɑɞɡ 

ŰŬ ůŰɞɘɢŮɑŬ ŮɑɜŬɘ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ (Sheriff & Geldart, 1995). ȼ ůɡɛɛŮŰɟɑŬ Űɞɡ 

ˊɑɜŬəŬ ŬɡŰɞɨ ŮɚŬŰŰɩɜŮɘ Ŭɛɏůɤɠ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ ɛŮŰŬɓɚɖŰɩɜ ůŮ 21. 

ɋůŰɧůɞ, ɧŰŬɜ Űɞ ɛɏůɞ ŮɑɜŬɘ ɘůɧŰɟɞˊɞ, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ɞɘ ɘŭɘɧŰɖŰɏɠ Űɞɡ ŭŮɜ ŮɝŬɟŰɩɜŰŬɘ 

Ŭˊɧ Űɖɜ əŬŰŮɨɗɡɜůɖ, ɖ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ ŰɎůɖɠ əŬɘ ˊŬɟŬɛɧɟűɤůɖɠ ɛˊɞɟŮɑ ɜŬ 

ŮəűɟŬůŰŮɑ əŬŰɎ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢŮŰɘəɎ Ŭˊɚɐ ɛɞɟűɐ: 

ůii = ɚȹ + 2ɛŮii (i=x, y, z)    (Ůɝ. 1. 6) 

ůij = ɛŮij         (i, j=x, y, z; i j)        (Ůɝ. 1. 7) 

Ƀɘ ŮɝɘůɩůŮɘɠ ŬɡŰɏɠ, ůɡɢɜɎ ŮəűɟɎɕɞɜŰŬɘ ɛŮ Űɖ ɢɟɐůɖ  ˊɘɜɎəɤɜ , ů = CŮ:  

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
„
„
„ Ứ
ủ
ủ
ủ
ủ
Ủ
‗ ς‘ ‗ ‗
‗ ‗ ς‘ ‗
‗ ‗ ‗ ς‘

π π π
π π π
π π π

π      π      π
π    π    π
π    π    π

‘ π π
π ‘ π
π π ‘

‐
‐
‐
‐
‐
‐

   (Ůɝ. 1. 8) 
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ȼ ůɡɔəŮəɟɘɛɏɜɖ Ůɝɑůɤůɖ əɎˊɞɘŮɠ űɞɟɏɠ ɔɟɎűŮŰŬɘ ɤɠ Ů=S ů, ɧˊɞɡ S=C-1. ɇŬ 

ůŰɞɘɢŮɑŬ Űɞɡ C əŬɘ Űɞɡ S ŬˊɞəŬɚɞɨɜŰŬɘ ůɡɜŰŮɚŮůŰɏɠ ŬəŬɛɣɑŬɠ ɐ ɡˊɞɢɩɟɖůɖɠ. 

(stiffness or compliance components). 

Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ɚ əŬɘ ɛ ŮɑɜŬɘ ɔɜɤůŰɞɑ ɤɠ ůŰŬɗŮɟɏɠ Űɞɡ Lam®. ȷˊɧ Űɖɜ (Ůɝ. 1.6) 

ˊɟɞəɨˊŰŮɘ ɧŰɘ Ůij =ůij /ɛ, ɎɟŬ ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɖ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ Űɧůɞ 

ɛɘəɟɧŰŮɟɖ, ɧůɞ Űɞ ɛ ŮɑɜŬɘ ɛŮɔɎɚɞ. ȰŰůɘ, Űɞ ɛ ŬˊɞŰŮɚŮɑ ɏɜŬ ɛɏŰɟɞ Űɖɠ ŬɜŰɑůŰŬůɖɠ ˊɞɡ 

ˊɟɞɓɎɚɚŮɘ ɏɜŬ ɡɚɘəɧ ůŰɖɜ ŭɘŬŰɛɖŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ əŬɘ ůɡɢɜɎ ŬɜŬűɏɟŮŰŬɘ ůŬɜ 

ůɡɜŰŮɚŮůŰɐɠ ŬəŬɛɣɑŬɠ (modulus of rigidity) ɐ ɤɠ ŬůɡɛˊɘŮůŰɧŰɖŰŬ (incompressibility) 

ɐ ŭɘŬŰɛɖŰɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ (shear modulus) (ȾɟɖŰɘəɎəɖɠ, 2000). 

ɄŬɟô ɧɚɞ ˊɞɡ ɞ ɜɧɛɞɠ Űɞɡ Hooke ɏɢŮɘ ŮɡɟŮɑŬ ŮűŬɟɛɞɔɐ, ŭŮɜ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ 

ɛŮɔɎɚŮɠ ŰɎůŮɘɠ. ȳŰŬɜ ɖ ŰɎůɖ ŬɡɝɖɗŮɑ ˊɎɜɤ Ŭˊɧ ɏɜŬ ŮɚŬůŰɘəɧ ɧɟɘɞ (elastic limit ) 

(ɆɢɐɛŬ 1.3(Ŭ)) ɞ ɜɧɛɞɠ Űɞɡ Hooke ŭŮɜ ɘůɢɨŮɘ ˊɚɏɞɜ əŬɘ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ŬɡɝɎɜɞɜŰŬɘ 

ˊɘɞ ɔɟɐɔɞɟŬ. Ƀɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɘɠ ŰɎůŮɘɠ ˊɞɡ ɏɢɞɡɜ ɝŮˊŮɟɎůŮɘ 

ŬɡŰɧ Űɞ ɧɟɘɞ, ŭŮɜ ŮɝŬűŬɜɑɕɞɜŰŬɘ ˊɚɐɟɤɠ ɧŰŬɜ ɞɘ ŰɎůŮɘɠ ˊɎɣɞɡɜ ɜŬ ɡűɑůŰŬɜŰŬɘ. (Sheriff 

& Geldart, 1995). 

 

ɆɢɐɛŬ 1. 3: ɆɢɏůŮɘɠ ŰɎůɖɠ, ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ ɢɟɧɜɞɡ. (Ŭ) ɇɎůɖ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ, (b)  

ɄŬɟŬɛɧɟűɤůɖ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ (Sheriff & Geldart, 1995) 
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1.5 ȺɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ 

 

  ȷɜ əŬɘ ɞɘ ůŰŬɗŮɟɏɠ Űɞɡ Lamé ŮɑɜŬɘ ŮɨɢɟɖůŰŮɠ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɘ 

ŮɝɘůɩůŮɘɠ 1.6 əŬɘ 1.7, ɔɘŬ ɜŬ ŮəűɟŬůŰŮɑ ɛɘŬ əŬŰɎůŰŬůɖ ŰɎůɖɠ-ˊŬɟŬɛɧɟűɤůɖɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ ɎɚɚŮɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ. Ƀɘ ˊɘɞ ɔɜɤůŰɏɠ ŮɑɜŬɘ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ Young (E), ɞ ɚɧɔɞɠ Űɞɡ Poisson (ɜ) əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ɧɔəɞɡ (bulk modulus) (k). ũɘŬ ɜŬ ɞɟɘůŰɞɨɜ ɞɘ ŭɨɞ ˊɟɩŰŮɠ ůŰŬɗŮɟɏɠ, ɗŮɤɟŮɑŰŬɘ ɏɜŬ 

ɛɏůɞ, ɛɏůŬ ůŰɞ ɞˊɞɑɞ ɧɚŮɠ ɞɘ ŰɎůŮɘɠ ŮɑɜŬɘ ɛɖŭŮɜɘəɏɠ, ŮəŰɧɠ Ŭˊɧ Űɖ ůxx. ɈˊɞɗɏŰɞɜŰŬɠ 

ɧŰɘ ɖ ůxx ŮɑɜŬɘ ɗŮŰɘəɐ (ˊɞɡ ůɖɛŬɑɜŮɘ ŮűŮɚəɡůŰɘəɐ ŰɎůɖ), ɖ Ůxx ŮɑɜŬɘ ɗŮŰɘəɐ (Ůˊɘɛɐəɡɜůɖ 

əŬŰɎ Űɖ x- ŭɘŮɨɗɡɜůɖ) Ůɜɩ, ɞɘ Ůyy əŬɘ Ůzz ŮɑɜŬɘ ŬɟɜɖŰɘəɏɠ. Ⱥˊɘˊɚɏɞɜ, ɛˊɞɟŮɑ ɜŬ 

ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ Ůyy = Ůzz. ȰŰůɘ, Űɞ Ⱥ əŬɘ Űɞ ɜ ɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɘɠ ůɢɏůŮɘɠ: 

E= ůxx / Ůxx,     (Ůɝ. 1. 9) 

ɜ = - Ůyy / Ůxx = - Ůzz / Ůxx ,    (Ůɝ. 1. 10) 

ɧˊɞɡ Űɞ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ ŮɘůɎɔŮŰŬɘ ɏŰůɘ ɩůŰŮ ɜŬ ˊɟɞəɨɣŮɘ Űɞ ɜ ɗŮŰɘəɧ. 

ũɘŬ ɜŬ ɞɟɘůŰŮɑ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɧɔəɞɡ k, ɗŮɤɟŮɑŰŬɘ ɏɜŬ ɛɏůɞ ůŰɞ ɞˊɞɑɞ 

ŮűŬɟɛɧɕŮŰŬɘ ɛɧɜɞ ˊɑŮůɖ P, ɖ ɞˊɞɑŬ ɘůɞŭɡɜŬɛŮɑ ɛŮ Űɘɠ ŰɎůŮɘɠ: 

ůxx = ůyy = ůzz = -P,  ůxy = ůyz = ůzx =0 

ȼ ˊɑŮůɖ Ʌ ˊɟɞəŬɚŮɑ ɛɘŬ ŮɚɎŰŰɤůɖ ůŰɞɜ ɧɔəɞ ȹV əŬɘ ɛɘŬ ŭɘŬůŰɞɚɐ (dilatation) 

ȹ=ȹV/V. ɋɠ k ɞɟɑɕŮŰŬɘ ɞ ɚɧɔɞɠ ˊɑŮůɖɠ ˊɞɡ ŬůəŮɑŰŬɘ ˊɟɞɠ Űɖ ŭɘŬůŰɞɚɐ ˊɞɡ ˊɟɞəŬɚŮɑ: 

k = - P/ȹ     (Ůɝ. 1. 11) 

ɇɞ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ ɏɢŮɘ ŮɘůŬɢɗŮɑ ɩůŰŮ Űɞ k ɜŬ ˊŬɑɟɜŮɘ ɗŮŰɘəɏɠ Űɘɛɏɠ. ɀŮɟɘəɏɠ 

űɞɟɏɠ ɖ ůɡɛˊɘŮůŰɧŰɖŰŬ (compressibility), 1/k, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ŮɚŬůŰɘəɐ ůŰŬɗŮɟɎ 

ŬɜŰɑ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɧɔəɞɡ. 

ȷɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ Űɘɛɏɠ ůŰɞ ɜɧɛɞ Hooke ˊɟɞəɨˊŰɞɡɜ ɞɘ 

ŬəɧɚɞɡɗŮɠ ůɢɏůŮɘɠ ɛŮŰŬɝɨ Űɤɜ E, v əŬɘ k əŬɘ Űɤɜ ůŰŬɗŮɟɩɜ Űɞɡ Lam® ɚ əŬɘ ɛ: 

ῴ      (Ůɝ. 1. 12) 

    ’       (Ůɝ. 1. 13) 
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    Ὧ  σ‗ ς‘    (Ůɝ. 1. 14) 

ɆŰŬ ɟŮɡůŰɎ ɢɤɟɑɠ ɘɝɩŭŮɠ (non-viscous fluids), ɖ ŭɘŬŰɛɖŰɘəɐ ůŰŬɗŮɟɎ ŮɑɜŬɘ ɛ=0 

əŬɘ ɔɘô ŬɡŰɧ k=ɚ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɖ ɛŮŰŬɓɚɖŰɐ ɚ, ɏɢŮɘ ɞɜɞɛŬůŰŮɑ əŬɘ ɤɠ 

çŬůɡɛˊɘŮůŰɧŰɖŰŬ Űɤɜ ɟŮɡůŰɩɜè (fluid incompressibility). ȷˊŬɚŮɑűɞɜŰŬɠ ŭɘɎűɞɟŬ 

ɕŮɨɔɖ Űɤɜ ůŰŬɗŮɟɩɜ ůŰɘɠ ˊŬɟŬˊɎɜɤ ŰɟŮɘɠ ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ˊɟɞəɨɣɞɡɜ 

ŭɘɎűɞɟŮɠ ůɢɏůŮɘɠ, ŮəűɟɎɕɞɜŰŬɠ əɎɗŮ ɛɘŬ Ŭˊɧ Űɘɠ 5 ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ (Ⱥ, ɜ, k, ɚ əŬɘ 

ɛ) ɛŮ ɛɧɜɞ ŭɨɞ ɧɟɞɡɠ. 

Ƀɘ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ ɞɟɑɕɞɜŰŬɘ əŬŰɎ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ ŮɑɜŬɘ ɗŮŰɘəɞɑ 

Ŭɟɘɗɛɞɑ. ȾŬŰɎ ůɡɜɏˊŮɘŬ Űɞ ɜ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮɘ Űɘɛɏɠ Ŭˊɧ 0 ɛɏɢɟɘ əŬɘ 0.5 Űɞ ɞˊɞɑɞ 

ůɡɛˊŮɟŬɑɜŮŰŬɘ Ŭˊɧ Űɞ ɧŰɘ, Űɞ ɚ əŬɘ Űɞ ɛ ŮɑɜŬɘ ɗŮŰɘəɏɠ ˊɞůɧŰɖŰŮɠ əŬɘ ɔɘô ŬɡŰɧ                         

ɚ /(ɚ + ɛ) Ò 1. Ƀɘ Űɘɛɏɠ Űɞɡ ɜ ɏɢɞɡɜ ɏɜŬ Ůɨɟɞɠ Ŭˊɧ 0.05 ɔɘŬ ˊɞɚɨ ůəɚɖɟɎ əŬɘ ɎəŬɛˊŰŬ 

ˊŮŰɟɩɛŬŰŬ ɛɏɢɟɘ ˊŮɟɑˊɞɡ 0.45 ɔɘŬ ɛŬɚŬəɎ, ɛɘəɟɐɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ ɡɚɘəɎ. ɇŬ ɟŮɡůŰɎ  

ŭŮɜ ˊɟɞɓɎɚɞɡɜ əŬɗɧɚɞɡ ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎŰɛɖůɖ əŬɘ ɏŰůɘ ɔɘŬ ŬɡŰɎ ɘůɢɨŮɘ ɛ=0 əŬɘ 

ɜ=0.5. ũɘŬ ŰŬ ˊŮɟɘůůɧŰŮɟŬ ˊŮŰɟɩɛŬŰŬ ɞɘ ůŰŬɗŮɟɏɠ Ⱥ, k əŬɘ ɛ əɡɛŬɑɜɞɜŰŬɘ ůŮ ɏɜŬ Ůɨɟɞɠ 

Ŭˊɧ 20 ɏɤɠ 120 GPa (2x1010  - 12 x 1010 N/m2). ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ Űɞ Ⱥ ɚŬɛɓɎɜŮɘ 

ɛŮɔŬɚɨŰŮɟŮɠ Űɘɛɏɠ Ŭˊɧ Űɞ ɛ. 

ɇŬ ́ŬɟŬˊɎɜɤ Ŭűɞɟɞɨɜ ɘůɧŰɟɞˊɞ ɛɏůɞ. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ŰŬ ˊŮŰɟɩɛŬŰŬ 

ŬˊŬɜŰɩɜŰŬɘ ůŮ ůŰɟɩɛŬŰŬ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŮɚŬůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɞɘ ɞˊɞɑŮɠ ůɡɢɜɎ 

ɛŮŰŬɓɎɚɚɞɜŰŬɘ ɛŮ Űɖ ŭɘŮɨɗɡɜůɖ. ɆŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɑɜŬɘ 

ɢɟɐůɘɛŬ Ůɜɩ ŭɘŬűɞɟŮŰɘəɎ, ɗŬ ˊɟɏˊŮɘ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ˊɞɚɨˊɚɞəŮɠ ɛŬɗɖɛŬŰɘəɏɠ 

ŮɝɘůɩůŮɘɠ. 
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2ɞ ȾŮűɎɚŬɘɞ 

 

ɆŰɞ ŭŮɨŰŮɟɞ əŮűɎɚŬɘɞ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ ɔɑɜŮŰŬɘ ŬɜŬűɞɟɎ ůŰɖ ɔŮɜɘəɐ 

əɡɛŬŰɘəɐ Ůɝɑůɤůɖ əŬɗɩɠ əŬɘ ůŰɖɜ Ůɘŭɘəɐ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬəɞɡůŰɘəɐɠ (ŭɘɎŭɞůɖ 

əɡɛɎŰɤɜ ůŮ ɛɏůɞ ɛŮ ɛɖŭŮɜɘəɐ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ɛ=0) əɡɛŬŰɘəɐɠ Ůɝɑůɤůɖɠ ůŰɘɠ ŰɟŮɘɠ 

ŭɘŬůŰɎůŮɘɠ. Ⱥˊɘˊɚɏɞɜ, ˊŮɟɘɔɟɎűŮŰŬɘ Űɞ ŬɟɘɗɛɖŰɘəɧ ůɢɐɛŬ Űɨɞ́ɡ MacCormack ɔɘŬ Űɖɜ 

Ůˊɑɚɡůɖɠ Űɖɠ ŭɘŬűɞɟɘəɐɠ əɡɛŬŰɘəɐɠ Ůɝɑůɤůɖɠ, ɧˊɤɠ əŬɘ ɞɘ ˊŮɟɘɞɟɘůɛɞɑ ˊɞɡ ɗŬ ˊɟɏˊŮɘ 

ɜŬ Űɖɟɖɗɞɨɜ ɔɘŬ Űɖɜ ɞɟɗɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ. 

 

2.1 ũŮɜɘəɐ əɡɛŬŰɘəɐ Ůɝɑůɤůɖ  

 

ɀɏɢɟɘ əŬɘ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɏɢŮɘ ɗŮɤɟɖɗŮɑ ɧŰɘ Űɞ ɛɏůɞ ɓɟɑůəŮŰŬɘ ůŮ ůŰŬŰɘəɐ 

ɘůɞɟɟɞˊɑŬ. ȳˊɤɠ, ůɖɛŮɘɩɗɖəŮ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ ůŮ əɎɗŮ ůɖɛŮɑɞ ɡˊɎɟɢɞɡɜ 

ŮɜɜɏŬ ůɡɜɘůŰɩůŮɠ Űɖɠ ŰɎůɖɠ, ŰɟŮɘɠ ůŮ əɎɗŮ ŮˊɑˊŮŭɞ. Ƀɘ ŰɟŮɘɠ Ŭˊɧ Űɘɠ ůɡɜɘůŰɩůŮɠ ŮɑɜŬɘ 

ɞɟɗɏɠ əŬɘ ɞɘ ɡˊɧɚɞɘˊŮɠ ɏɝɘ ŮɑɜŬɘ ŭɘŬŰɛɖŰɘəɏɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ɞɘ ŰɎůŮɘɠ ůŰɖɜ ˊɑůɤ ɛŮɟɘɎ 

Űɞɡ ůŰɞɘɢŮɑɞɡ Űɞɡ ɧɔəɞɡ ŮɑɜŬɘ ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2. 1.  

 

ɆɢɐɛŬ 2. 1: ɆɡɜɘůŰɩůŮɠ Űɖɠ ŰɎůɖɠ ůŮ ˊɚŮɡɟɏɠ əɎɗŮŰŮɠ ůŰɞɜ x - ɎɝɞɜŬ (Sheriff & Geldart, 1995) 

ȯɟŬ ɞɘ ŰɎůŮɘɠ ůŰɖɜ ˊɟɧůɗɘŬ ŮˊɘűɎɜŮɘŬ Űɞɡ əɨɓɞɡ ŮɑɜŬɘ ɞɘ ŬəɧɚɞɡɗŮɠ: 

„  Ὠὼ , „  Ὠὼ, „  Ὠὼ.  (Ůɝ. 2. 1) 
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 ȺˊŮɘŭɐ ɞɘ ůɡɔəŮəɟɘɛɏɜŮɠ ŰɎůŮɘɠ ŮɑɜŬɘ ŬɜŰɑɗŮŰŮɠ ůŮ ŮəŮɑɜŮɠ ˊɞɡ ŭɟɞɡɜ ůŰɖɜ 

ɞˊɑůɗɘŬ ɧɣɖ, ɞɘ ɛɖ ɘůɞɟɟɞˊɖɛɏɜŮɠ ŰɎůŮɘɠ ŮɑɜŬɘ: 

 Ὠὼ,  Ὠὼ,  Ὠὼ    (Ůɝ. 2. 2) 

Ƀɘ ŰɎůŮɘɠ ɤɠ ˊɟɞɠ Űɞɜ x ɎɝɞɜŬ Ŭűɞɟɞɨɜ Űɖɜ ˊŮɟɘɞɢɐ ɛŮ ŮˊɘűɎɜŮɘŬ dy dz  əŬɘ 

ŮˊɖɟŮɎɕɞɡɜ Űɞ ůŰɞɘɢŮɑɞ Űɞɡ ɧɔəɞɡ dx dy dz. Ƀɘ ŭɡɜɎɛŮɘɠ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ ˊɟɞɠ Űɘɠ 

əŬŰŮɡɗɨɜůŮɘɠ (x, y, z) ŮɑɜŬɘ ɑůŮɠ ɛŮ: 

,  ,     (Ůɝ. 2. 3) 

ũɘŬ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊɚŮɡɟɏɠ Űɞɡ ůŰɞɘɢŮɑɞɡ, ɘůɢɨɞɡɜ ˊŬɟɧɛɞɘŮɠ ŮəűɟɎůŮɘɠ. ȰŰůɘ, 

ɖ ůɡɜɞɚɘəɐ ŭɨɜŬɛɖ ůŰɖ x- ŭɘŮɨɗɡɜůɖ ŮɑɜŬɘ ŮəűɟŬůɛɏɜɖ ɤɠ: 

    (Ůɝ. 2. 4) 

ɀŮ ɓɎůɖ Űɞ ŭŮɨŰŮɟɞ Ɂɧɛɞ Űɞɡ ɁŮɨŰɤɜŬ, ˊɟɞəɨˊŰŮɘ ɧŰɘ ɖ ɛɖ ɘůɞɟɟɞˊɖɛɏɜɖ 

ŭɨɜŬɛɖ ɘůɞɨŰŬɘ ɛŮ Űɖ ɛɎɕŬ Ůˊɑ Űɖɜ ŮˊɘŰɎɢɡɜůɖ. ɃˊɧŰŮ, ɖ Ůɝɑůɤůɖ Űɖɠ əɑɜɖůɖɠ əŬŰɎ 

ɛɐəɞɠ Űɞɡ ɎɝɞɜŬ x ŮɑɜŬɘ: 

”  =      (Ůɝ. 2. 5) 

ɧˊɞɡ ɟ ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ (ɡˊɞɗɏŰŮŰŬɘ ɧŰɘ ɖ ˊɡəɜɧŰɖŰŬ ŮɑɜŬɘ ůŰŬɗŮɟɐ). ɄŬɟɧɛɞɘŮɠ 

ŮəűɟɎůŮɘɠ ɘůɢɨɞɡɜ əŬɘ ɔɘŬ Űɖɜ əɑɜɖůɖ ůŰɞɡɠ y- əŬɘ z- ɎɝɞɜŮɠ. 

ɆŰɖɜ Ůɝɑůɤůɖ 2.5 ɛŮ Űɖ ɢɟɐůɖ Űɞɡ ɜɧɛɞɡ Űɞɡ Hook, ɞɘ ŰɎůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ 

ŬɜŰɘəŬŰŬůŰŬɗɞɨɜ əŬɘ Ŭˊɧ Űɘɠ ɛŮŰŬŰɞˊɑůŮɘɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ŮɝɘůɩůŮɘɠ (1.3), (1.4), 

(1.7) əŬɘ (1.9). ȯɟŬ ˊɟɞəɨˊŰŮɘ, 

”  =   = ‗  + ς‘  + ‘  + ‘  

= ‗  + ‘ ς     

= ‗  +ʈɳ ό + ‘   = ‗ ‘  + ʈɳ ό.        (Ůɝ. 2. 6) 

ɧˊɞɡ ᶯu ŮɑɜŬɘ ɖ ȿŬˊɚŬůɘŬɜɐ ɛɞɟűɐ Űɞɡ u ˊɞɡ ɘůɞɨŰŬɘ ɛŮ:  .  
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ȷɜŬɚɞɔɘəɎ, ˊɟɞəɨˊŰɞɡɜ ɞɘ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɞ v əŬɘ w: 

”  = ‗ ‘  + ʈɳ ὺ,      (Ůɝ. 2. 7) 

 

”  = ‗ ‘  + ‘ɳ ύ,    (Ůɝ. 2. 8) 

ȼ ũŮɜɘəɐ ȾɡɛŬŰɘəɐ Ůɝɑůɤůɖ ɛˊɞɟŮɑ ɜŬ ŮəűɟŬůŰŮɑ ɤɠ ɖ Ɏɗɟɞɘůɖ Űɤɜ 

ˊŬɟŬɔɩɔɤɜ Űɤɜ ˊŬɟŬˊɎɜɤ ŮɝɘůɩůŮɤɜ ɤɠ ˊɟɞɠ Űɘɠ əŬŰŮɡɗɨɜůŮɘɠ (x, y, z). ȷɡŰɧ, 

ŮəűɟɎɕŮŰŬɘ ɤɠ Ůɝɐɠ (Sheriff & Geldart, 1995): 

”  (  ) = ‗ ‘  + ‘ɳ   , (Ůɝ. 2. 9) 

ɞˊɧŰŮ, 

”  = ‗ ς‘ᶯῳ 

ɐ  

ᶯῳȟ     (Ůɝ. 2. 10) 

ɧˊɞɡ Űɞ  

‌ ‗ ς‘Ⱦ” 
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2.2 ȾɡɛŬŰɘəɐ Ůɝɑůɤůɖ ŭɘɎŭɞůɖɠ ŬəɞɡůŰɘəɩɜ əɡɛɎŰɤɜ ůŰɘɠ 3 

ŭɘŬůŰɎůŮɘɠ 

 

ȼ Ůɝɑůɤůɖ ŬəɞɡůŰɘəɞɨ əɨɛŬŰɞɠ ˊŮɟɘɔɟɎűŮɘ ɖɢɖŰɘəɎ əɨɛŬŰŬ ůŮ əɎˊɞɘɞ ɡɔɟɧ ɐ 

Ŭɏɟɘɞ. Ⱥűɧůɞɜ ŰŬ ɡɔɟɎ ˊŬɟɞɡůɘɎɕɞɡɜ ɚɘɔɧŰŮɟɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ ůŮ ˊŬɟŬɛɞɟűɩůŮɘɠ, ɖ 

ŭɨɜŬɛɖ ŬˊɞəŬŰɎůŰŬůɖɠ (restoring force) ŮɑɜŬɘ ɡˊŮɨɗɡɜɖ ɔɘŬ Űɖɜ ŭɘɎŭɞůɖ Űɤɜ əɡɛɎŰɤɜ. 

ɃˊɧŰŮ, ɏɜŬ ŬəɞɡůŰɘəɧ əɨɛŬ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ ɛɑŬ ŬɚɚŬɔɐ ůŰɖɜ ˊɑŮůɖ. ȼ ŬɚɚŬɔɐ Űɖɠ 

ˊɑŮůɖɠ ˊɟɞəŬɚŮɑ ɎɛŮůɖ ůɡɛˊɑŮůɖ ůŰɞ ɟŮɡůŰɧ, Űɞ ɞˊɞɑɞ ɛŮ Űɖ ůŮɘɟɎ Űɞɡ ˊɟɞəŬɚŮɑ 

ˊɟɧůɗŮŰŮɠ ŬɚɚŬɔɏɠ ˊɑŮůɖɠ. ȷɡŰɧ ɞŭɖɔŮɑ ůŰɖ ŭɘɎŭɞůɖ Ůɜɧɠ ŬəɞɡůŰɘəɞɨ əɨɛŬŰɞɠ 

(Garcia, 2009). Ⱥŭɩ ɗŬ ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ, ɧŰɘ Ůűɧůɞɜ ŰŬ ŬəɞɡůŰɘəɎ əɨɛŬŰŬ 

ŮˊŬɚɖɗŮɨɞɡɜ Űɖɜ Ůɝɑůɤůɖ 2.10 ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əŬɘ ɤɠ ŭɘŬɛɐəɖ (Ʌ). 

ȹɘŬɛɐəɖ əɨɛŬŰŬ ɞɜɞɛɎɕɞɜŰŬɘ ŰŬ əɨɛŬŰŬ Űɤɜ ɞˊɞɑɤɜ ɖ ŭɘŮɨɗɡɜůɖ ŭɘɎŭɞůɖɠ 

Űɞɡɠ ŮɑɜŬɘ ˊŬɟɎɚɚɖɚɖ ůŰɖ ŭɘŮɨɗɡɜůɖ Űɖɠ ŰŬɚɎɜŰɤůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ˊɞɡ ŬˊɞŰŮɚɞɨɜ 

Űɞ ɛɏůɞ ŭɘɎŭɞůɖɠ. ɀŮ Űɖɜ əɑɜɖůɖ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜ ŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ ɛɏůɞɡ ůŰŬ 

ŭɘŬɛɐəɖ əɨɛŬŰŬ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ˊɡəɜɩɛŬŰŬ əŬɘ ŬɟŬɘɩɛŬŰŬ. ɇŬ ŭɘŬɛɐəɖ əɨɛŬŰŬ 

ŭɘŬŭɑŭɞɜŰŬɘ əŬɘ ůŰŬ ůŰŮɟŮɎ, ůŰŬ ɡɔɟɎ əŬɘ ůŰŬ ŬɏɟɘŬ ůɩɛŬŰŬ(Serway, 2014). 

ɋůŰɧůɞ, ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ŰɟɘůŭɘɎůŰŬŰɖɠ əɡɛŬŰɘəɐɠ Ůɝɑůɤůɖɠ ɗŬ 

ˊɟɏˊŮɘ ɜŬ ɗŮɤɟɖɗŮɑ ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ ɛɏůɞ, ɛŮ ŭɨɞ ɞɟɘɕɧɜŰɘɞɡɠ ɎɝɞɜŮɠ, x əŬɘ y, əŬɘ 

ɏɜŬɜ əŬŰŬəɧɟɡűɞ ɎɝɞɜŬ, z. ɇɞ ɛɏůɞ ɗŮɤɟŮɑŰŬɘ ɘůɞŰɟɞˊɘəɧ. ȼ ŰɟɘůŭɘɎůŰŬŰɖ Ůɝɑůɤůɖ 

ŬəɞɡůŰɘəɞɨ əɨɛŬŰɞɠ ŮɑɜŬɘ:(Vafidis, et al., 1996) 

ȟȟ
   (Ůɝ. 2. 11) 

ȳˊɞɡ Űɞ ὖ ὖὼȟώȟᾀȟὸ ŮɑɜŬɘ ɖ ˊɑŮůɖ (pressure field) Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ 

ɛŮŰŬɓɚɖŰɩɜ Űɖɠ ɗɏůɖɠ əŬɘ Űɞɡ ɢɟɧɜɞɡ, ὠὼȟώȟᾀ= ὑὼȟώȟᾀȾ” ŮɑɜŬɘ ɖ ŰŬɢɨŰɖŰŬ Űɞɡ 

ůŮɘůɛɘəɞɨ əɨɛŬŰɞɠ ůŰɞ ɛɏůɞ, ὑὼȟώȟᾀ ŮɑɜŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɧɔəɞɡ (bulk 

modulus) əŬɘ ɟ ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɘɠ ɢɤɟɘəɏɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ. ɋůŰɧůɞ, 

ŬɜŰɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɖ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɞɘ ŮɝɘůɩůŮɘɠ 

əɑɜɖůɖɠ: 

  ”  =      (Ůɝ. 2. 12) 

  ”  =       (Ůɝ. 2. 13) 
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  ”  =       (Ůɝ. 2. 14) 

əŬɘ ɖ ůɢɏůɖ ˊɑŮůɖɠ  

ὖ ὑ    (Ůɝ. 2. 15) 

ɆŰɘɠ ˊŬɟŬˊɎɜɤ ŮɝɘůɩůŮɘɠ όȟὺȟύ  ŮɑɜŬɘ Űɞ ŭɘɎɜɡůɛŬ ɛŮŰŬŰɧˊɘůɖɠ, ”

”ὼȟώȟᾀ ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ, əŬɘ ὑ ὑὼȟώȟᾀ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ɧɔəɞɡ ɐ ɞ 

ůɡɜŰŮɚŮůŰɐɠ ŬůɡɛˊɘŮůŰɧŰɖŰŬɠ. ȿŬɛɓɎɜɞɜŰŬɠ Űɞ ɢɟɞɜɘəɧ ˊŬɟɎɔɤɔɞ əŬɘ Űɤɜ ŭɨɞ 

ˊɚŮɡɟɩɜ Űɖɠ Ůɝɑůɤůɖɠ (Ůɝ. 2.15) ůŬɜ ŬˊɞŰɏɚŮůɛŬ ˊɟɞəɨˊŰŮɘ: 

ὑ    (Ůɝ. 2. 16) 

 

  ”  =      (Ůɝ. 2. 17) 

  ”  =       (Ůɝ. 2. 18) 

  ”   =       (Ůɝ. 2. 19) 

ɆŮ ɛɞɟűɐ ˊɘɜɎəɤɜ, ɞɘ (Ůɝ. 2. 17) ɏɤɠ (Ůɝ. 2. 19) ɗŬ ɔɟŬűɧŰŬɜ ɤɠ: 

 = ὃ   +ὄ  + ὅ       (Ůɝ. 2. 20) 

ɧˊɞɡ  

╤

ὖ
ό
ὺ
ύ

        (Ůɝ. 2. 21) 

Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ȷ, ȸ əŬɘ C ŮɑɜŬɘ:(Vafidis, et al., 1996) 

ȷ 

π ὑ π π
” π π π
π π π π
π π π π

    (Ůɝ. 2. 22) 
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`

π π ὑ π
π π π π
” π π π
π π π π

    (Ůɝ. 2. 23) 

 

C 

π π π ὑ
π π π π
π π π π
” π π π

    (Ůɝ. 2. 24) 

 

ɇɞ ůɨůŰɖɛŬ ŬɡŰɧ, ŮɑɜŬɘ ɡˊŮɟɓɞɚɘəɞɨ Űɨˊɞɡ, Ŭűɞɨ ɞɘ ɘŭɘɞŰɘɛɏɠ Űɤɜ ˊɘɜɎəɤɜ ȷ, 

ȸ, əŬɘ C ŮɑɜŬɘ ˊɟŬɔɛŬŰɘəɏɠ əŬɘ ŰŬ ɘŭɘɞŭɘŬɜɨůɛŬŰŬ Űɞɡɠ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŬ. Ƀɘ ɧɟɞɘ Űɖɠ 

ˊɖɔɐɠ ŭŮɜ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ɛɏůŬ ůŰɞ ůɨůŰɖɛŬ. ȼ əɡɛŬŰɞɛɞɟűɐ (Impulse) Űɖɠ ˊɖɔɐɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ ɝŮɢɤɟɘůŰɎ, əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŮɘůɎɔŮŰŬɘ ɛɏůŬ ůŮ ŭɘŬəɟɘŰɎ ɢɟɞɜɘəɎ 

ŭɘŬůŰɐɛŬŰŬ ůŮ əɎˊɞɘŬ ɗɏůɖ Űɞɡ ɛɞɜŰɏɚɞɡ(Vafidis, et al., 1996). 
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2.3 ȺűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ŭɘŬűɞɟɩɜ ůŰɖɜ 

Ůˊɑɚɡůɖ Űɖɠ əɡɛŬŰɘəɐɠ Ůɝɑůɤůɖɠ 

 

ȼ ɀɏɗɞŭɞɠ Űɤɜ ɄŮˊŮɟŬůɛɏɜɤɜ ȹɘŬűɞɟɩɜ (Ʉ. ȹ.), ŮɑɜŬɘ ɛɑŬ Ŭˊɧ Űɘɠ 

ŭɖɛɞűɘɚɏůŰŮɟŮɠ ɛŮɗɧŭɞɡɠ ɔɘŬ Űɖɜ ŬɟɘɗɛɖŰɘəɐ Ůˊɑɚɡůɖ ɛŮɟɘəɩɜ ŭɘŬűɞɟɘəɩɜ ŮɝɘůɩůŮɤɜ 

əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŰɖ ůŮɘůɛɘəɐ ɛɞɜŰŮɚɞˊɞɑɖůɖ. ȼ ŬɜɎˊŰɡɝɖ Űɖɠ ɀŮɗɧŭɞɡ 

Űɤɜ Ʉ. ȹ. ɓŬůɑɕŮŰŬɘ ɔŮɜɘəɧŰŮɟŬ, ůŰɞ ŬɜɎˊŰɡɔɛŬ  Taylor, ŬɜŬˊŬɟɘůŰɩɜŰŬɠ Űɞ ůŮɘůɛɘəɧ 

əɨɛŬ, ůŮ ɛɞɟűɐ ůɡɜɎɟŰɖůɖɠ (əɡɛŬŰɞɛɞɟűɐ). Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ ŬəɟɑɓŮɘŬ Űɞɡ 

ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ˊŬɟŬɔɩɔɤɜ ɔɘŬ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ ůɢɐɛŬ ˊŮˊŮɟŬůɛɏɜɤɜ ŭɘŬűɞɟɩɜ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŬˊɧůŰŬůɖ Űɤɜ əɧɛɓɤɜ (dx) ɛɏůŬ ůŰɞɜ əɎɜŬɓɞ Űɞɡ ɛɞɜŰɏɚɞɡ (Liu 

& Sen, 2009). 

ɀɘŬ Ŭəɧɛɖ Ŭɟɢɐ ůŰɖɜ ɞˊɞɑŬ ɓŬůɑɕŮŰŬɘ ɖ ɛɏɗɞŭɞɠ Űɤɜ Ʉ. ȹ. ŮɑɜŬɘ ɖ ɏɜɜɞɘŬ Űɤɜ 

ɢɟɞɜɘəɩɜ ɓɖɛɎŰɤɜ (splitting in time). ȼ Ůɝɑůɤůɖ 2.20 ɛˊɞɟŮɑ ɜŬ ɔɟŬűŮɑ ůŮ ɔɟŬɛɛɘəɐ 

ɛɞɟűɐ ɤɠ:  

 = ὃ   +ὄ  + ὅ ὒ  , ,  5  (Ůɝ. 2. 25) 

ɧˊɞɡ Lx , Ly , Lz ŮɑɜŬɘ ɛɞɜɞŭɘɎůŰŬŰŮɠ ŰŮɚŮůŰɏɠ ɞɘ ɞˊɞɑŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ ɛŮɟɘəɏɠ 

ˊŬɟɎɔɤɔɞɡɠ ˊɟɩŰɖɠ ŰɎɝɖɠ. 

ȷˊɧ Űɞ ŬɜɎˊŰɡɔɛŬ Taylor: 

Ὗὼȟώȟᾀȟὸ ῳὸ ρ  ɝÔ ɝÔ Ễ Ὗὼȟώȟᾀȟὸ

ÅØÐῳὸ Ὗὼȟώȟᾀȟὸ ÅØÐῳὸὒ ὒ ὒ Ὗὼȟώȟᾀȟὸ                   (Ůɝ. 2. 26) 

 

ŬɚɚɎ  

Ὡὼὴῳὸὒ ὒ ὒ  = Ὡὼὴ ὒ  Ὡὼὴ ὒ  Ὡὼὴὒ  x    

  Ὡὼὴ
Ⱥ
 ὒ Ὡὼὴ

Ⱥ
 ὒ Ὡὼὴ

Ⱥ
 ὒ     (Ůɝ. 2. 27) 

 

ȼ Ůɝɑůɤůɖ ŮɑɜŬɘ Ŭəɟɘɓɐɠ ɛɏɢɟɘ əŬɘ Űɖ ŭŮɨŰŮɟɖ ŰɎɝɖ ůŰɞɜ ɢɟɧɜɞ, əŬɗɩɠ ɖ 

ŬɜŰɑůŰɞɘɢɖ ˊɟɞůɏɔɔɘůɖ ŮɑɜŬɘ  



20 

 

Un+2 = ὊὊὊὊὊὊὟ     (Ůɝ. 2. 28) 

ɧˊɞɡ Űɞ F ŮɑɜŬɘ ɛɞɜɞŭɘɎůŰŬŰɞɘ ŰŮɚŮůŰɏɠ, Un ŰŮɚŮůŰɏɠ ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɞ 

ŭɘŬəɟɘŰɧ ŭɘɎɜɡůɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ Űɖɜ ˊɑŮůɖ ůŰɘɠ ůɡɜɘůŰɩůŮɠ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ 

ɡɚɘəɩɜ ůɖɛŮɑɤɜ u, v, w ůŰɘɠ ŭɘŮɡɗɨɜůŮɘɠ x, y, z əŬɗɩɠ əŬɘ Űɞɡɠ ŬɔɜɩůŰɞɡɠ ůŰɞ ɢɟɧɜɞ 

t = n ȹt. ȰɜŬ ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ ɛŮɗɧŭɞɡ ɢɤɟɘɕɞɛɏɜɤɜ ɛŮŰŬɓɚɖŰɩɜ ŮɑɜŬɘ ɧŰɘ ɖ 

ůŰŬɗŮɟɧŰɖŰŬ ŭɘɏˊŮɘ ŰŬ ůɢɐɛŬŰŬ Űɖɠ ɛɑŬɠ ŭɘɎůŰŬůɖ. Ⱥˊɘˊɚɏɞɜ, ɞɘ ɛɏɗɞŭɞɘ ŬɡŰɞɑ ɏɢɞɡɜ 

ɛɘəɟɧŰŮɟɞ ůűɎɚɛŬ űɎůɖɠ, Ŭˊɧ Űɖɜ ŮɡɟŮɑŬ əŬŰɖɔɞɟɑŬ Űɤɜ ɛŮɗɧŭɤɜ ɛɖ ɢɤɟɘɕɞɛɏɜɤɜ 

ɛŮŰŬɓɚɖŰɩɜ (unsplit schemes). 

Ƀɘ Ὂ  Ὂ  ŮɑɜŬɘ ɛɞɜɞŭɘɎůŰŬŰɞɘ ŰŮɚŮůŰɏɠ ˊɞɡ ˊɟɞůŮɔɔɑɕɞɡɜ Űɖ ɚɨůɖ Űɖɠ 

ɛɞɜɞŭɘɎůŰŬŰɖɠ Ůɝɑůɤůɖɠ 

‬ὸ Ὗὼȟώȟᾀȟὸ ὃ‬Ὗὼȟώȟᾀȟὸ   (Ůɝ. 2. 29) 

 

ȾɎɗŮ ŰŮɚŮůŰɐɠ  ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ ɓɐɛŬ 1/3 Űɞɡ ɢɟɞɜɘəɞɨ ŭɘŬůŰɐɛŬŰɞɠ, ɞˊɧŰŮ Űɞ 

ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ Ŭˊɧ Űɘɠ 6 ɛŮŰŬɓɚɖŰɏɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŮ ůɡɜɞɚɘəɧ ɢɟɧɜɞ n+2. 

ũɘŬ Űɖ ɚɨůɖ Űɖɠ ɛŮɗɧŭɞɡ Ʉ. ȹ., ŭɖɛɘɞɡɟɔŮɑŰŬɘ əɎɜŬɓɞs (grid mesh) ɛŮ ŰɟŮɘɠ 

ŭɘŬůŰɎůŮɘɠ (I x J x K) ˊɞɡ ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ɛɏŰɟŬ ɔɘŬ Űɖ əŬŰŬůəŮɡɐ Űɞɡ ɛɞɜŰɏɚɞɡ. 

ȰůŰɤ, ůɖɛŮɑɞ ɛŮ ůɡɜŰŮŰŬɔɛɏɜŮɠ (xi , yj  , zk , tn) əŬɘ xi=i ȹx  ɔɘŬ i=0,1,é,I, yj=j ȹy ɔɘŬ 

j=0,1,é,J, zk =k ȹz ɔɘŬ k=0,1,éK, əŬɘ tn = n ȹt ɔɘŬ n=0,1,éN. ȳˊɞɡ, ȹx, ȹy, ȹz, ŮɑɜŬɘ 

ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ əɧɛɓɤɜ ůŰɞɡɠ ɎɝɞɜŮɠ x, y, z, əŬɘ ȹt Űɞ ɢɟɞɜɘəɧ ɓɐɛŬ (time 

step). ɆŰɞɜ ůɡɔəŮəɟɘɛɏɜɞ Ŭɚɔɧɟɘɗɛɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɑŬ ɏəŭɞůɖ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ 

MacCormack, Űɞ ɞˊɞɑɞ, ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ůŰɞ ɛɞɜɞŭɘɎůŰŬŰɞ ůɨůŰɖɛŬ (2. 29) ůŰɞɜ x-

ɎɝɞɜŬ  Ὂ : 

  

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ ɓɐɛŬ Űɖɠ ˊɟɧɓɚŮɣɖɠ (predictor ) 

Ὗȟȟ=Ὗȟȟ- 
 
ὃȟȟ (7Ὗȟȟ ψὟ ȟȟ Ὗ ȟȟ)      (Ůɝ. 2. 30) 

 

əŬɘ Űɞ ɓɐɛŬ Űɖɠ ŭɘɧɟɗɤůɖɠ (corrector) 

Ὗȟȟ
Ⱦ

= Ὗȟȟ Ὗȟȟ  
 

 ὃȟȟ (7Ὗȟȟ ψὟ ȟȟ Ὗ ȟȟ)     (Ůɝ. 2. 31) 
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ɧˊɞɡ ȹt, Űɞ ɓɐɛŬ Űɞɡ ɢɟɧɜɞɡ (ůŮ ŭŮɡŰŮɟɧɚŮˊŰŬ), ȹx ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ əɧɛɓɤɜ 

ůŰɞɜ x-ɎɝɞɜŬ, ɛŮ ŭŮɑəŰŮɠ i, j ,k ́ ɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞɡɠ ɎɝɞɜŮɠ x, y, z, əŬɘ ɛŮ ŭŮɑəŰɖ (1) 

ˊɞɡ ŭɖɚɩɜŮɘ Űɞ ŮɜŭɘɎɛŮůɞ ɓɐɛŬ. Ƀɘ ŮɝɘůɩůŮɘɠ (2. 30) əŬɘ (2. 31) ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ 

ŮɜŬɚɚŬůůɧɛŮɜŬ ɢɟɞɜɘəɎ ɓɐɛŬŰŬ ɛŮ Ὂ : 

Ὗȟȟ=Ὗȟȟ- 
 

 ὃȟȟ (7Ὗȟȟ ψὟ ȟȟ Ὗ ȟȟ)      (Ůɝ. 2. 32) 

əŬɘ 

Ὗȟȟ
Ⱦ

= Ὗȟȟ Ὗȟȟ  
 

 ὃȟȟ (7Ὗȟȟ ψὟ ȟȟ Ὗ ȟȟ)   (Ůɝ. 2. 33) 

 

ȳůɞɜ ŬűɞɟɎ Űɖɜ ŬəɟɑɓŮɘŬ, Űɞɡ Űɨˊɞɡ  MacCormack ŮɑɜŬɘ ŭŮɡŰɏɟŬɠ ŰɎɝɖɠ ůŰɞ 

ɢɟɧɜɞ əŬɘ ŰɏŰŬɟŰɖɠ ŰɎɝɖɠ ůŰɞɜ ɢɩɟɞ. ȼ ŰŮɢɜɘəɐ Űɤɜ ɢɟɞɜɘəɩɜ ɓɖɛɎŰɤɜ ůŮ ŭɘŬůŰɐɛŬŰŬ 

ɤɠ ˊɟɞɠ ɛɑŬ əŬŰŮɨɗɡɜůɖ, ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ (2. 30 ï 2. 33). ɆŰɘɠ ŰɟŮɘɠ 

ŭɘŬůŰɎůŮɘɠ Űɞ ůɢɐɛŬ Űɞɡ MacCormack ŮəŰŮɚŮɑŰŬɘ ůŰŬ ˊŬɟŬəɎŰɤ ɓɐɛŬŰŬ: 

1) ȼ ˊɑŮůɖ əŬɘ ɞɘ ůɡɜɘůŰɩůŮɠ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ůŮ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ n+1/3 əŬɗɩɠ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ, ɖ ŭɘɎŭɞůɖ Űɤɜ əɡɛɎŰɤɜ ůŰɖɜ x-əŬŰŮɨɗɡɜůɖ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ŮɝɘůɩůŮɘɠ (2. 30 əŬɘ  2. 31). 

ɆŰɞ ŭŮɨŰŮɟɞ ɢɟɞɜɘəɧ ɓɐɛŬ n+2/3 ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɖ ŭɘɎŭɞůɖ Űɞɡ əɨɛŬŰɞɠ 

əŬŰɎ Űɞɜ y- ɎɝɞɜŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ˊŬɟɧɛɞɘɞ ůɨɜɞɚɞ ŮɝɘůɩůŮɤɜ ɛŮ Űɘɠ ŮɝɘůɩůŮɘɠ 

(2. 30 əŬɘ  2. 31). 

3) ɆŰɞ ŰɟɑŰɞ ɢɟɞɜɘəɧ ɓɐɛŬ n+1 ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɖ ŭɘɎŭɞůɖ Űɤɜ əɡɛɎŰɤɜ 

ɛɧɜɞ ůŰɖ z- əŬŰŮɨɗɡɜůɖ, ŬɜŰɑůŰɞɘɢŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ůɨɜɞɚɞ ŮɝɘůɩůŮɤɜ 

ˊŬɟɧɛɞɘɞ ɛŮ Űɘɠ ŮɝɘůɩůŮɘɠ (2. 30 əŬɘ  2. 31). 

4) ɇɞ ŮˊɧɛŮɜɞ ůɨɜɞɚɞ ŮɝɘůɩůŮɤɜ (2. 32 əŬɘ 2. 33) ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ɢɟɧɜɞ 

n+4/3 ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖɜ ŭɘɎŭɞůɖ Űɤɜ əɡɛɎŰɤɜ ůŰɖɜ əŬŰŮɨɗɡɜůɖ z. 

5) Ɉˊɞɚɞɔɘůɛɧɠ ɔɘŬ ŭɘɎŭɞůɖ Űɞɡ əɨɛŬŰɞɠ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ y ůŮ ɢɟɧɜɞ n+5/3 

Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ (2. 32 əŬɘ 2. 33). 

            6) ɇɏɚɞɠ, ɞɘ ɡˊɞɚɞɔɘůɛɞɑ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɤɠ ˊɟɞɠ Űɞɜ ɎɝɞɜŬ Űɤɜ x ɔɘŬ ɢɟɧɜɞ 

n+2 Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ (2. 32 əŬɘ 2. 33) (Vafidis, et al., 1996). 
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2.4 ɄŮɟɘɞɟɘůɛɞɑ 

 

ũɘŬ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ ɧŰɘ ɞɘ ɚɨůŮɘɠ Űɤɜ ŭɘŬűɞɟɘəɩɜ ŮɝɘůɩůŮɤɜ ɗŬ ˊŬɟŬɛŮɑɜɞɡɜ 

ɞɟɘɞɗŮŰɖɛɏɜŮɠ Ůɜɧůɤ ŮəŰŮɚɞɨɜŰŬɘ ɞɘ ɡˊɞɚɞɔɘůɛɞɑ, əŬɘ ɧŰɘ Ůɜɧůɤ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ 

Űɤɜ əɧɛɓɤɜ (grid spacing) ɔɑɜŮŰŬɘ ɛɘəɟɧŰŮɟɖ ŬɡŰɏɠ ɞɘ ɚɨůŮɘɠ ˊɟɞůŮɔɔɑɕɞɡɜ Űɖ ɚɨůɖ 

Űɖɠ ŭɘŬűɞɟɘəɐɠ Ůɝɑůɤůɖɠ, ɖ ŬəɟɑɓŮɘŬ, ɖ ůɨɔəɚɘůɖ əŬɘ ɖ ůŰŬɗŮɟɧŰɖŰŬ ˊɟɏˊŮɘ ɜŬ 

ŮɚŮɔɢɗɞɨɜ(Vafidis, 1988). 

ȼ ŭɘɎŭɞůɖ Űɤɜ əɡɛɎŰɤɜ ɔɑɜŮŰŬɘ ɛŮ ůŰŬŭɘŬəɎ ɓɐɛŬŰŬ ůŰɞ ɢɟɧɜɞ. Ƀɘ ɘŭɘɧŰɖŰŮɠ 

Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ ŭɘŬůˊɞɟɎɠ (numerical dispersion) ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŰŬɢɨŰɖŰŬ 

ŭɘɎŭɞůɖɠ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ ɚɨůɖɠ. ȰɜŬ ɛɏŰɟɞ Űɖɠ ŭɘŬůˊɞɟɎɠ ŮɑɜŬɘ Űɞ ůűɎɚɛŬ űɎůɖɠ 

(phase error). ɇŬ ůűɎɚɛŬŰŬ űɎůɖɠ ŮˊɏɟɢɞɜŰŬɘ ɚɧɔɤ Űɖɠ ŬɜŰɘəŬŰɎůŰŬůɖɠ Űɖɠ 

ŭɘŬűɞɟɘəɐɠ Ůɝɑůɤůɖɠ ɛŮ ɛɑŬ Ůɝɑůɤůɖ ŭɘŬűɞɟɩɜ. ɇŬ ůűɎɚɛŬŰŬ űɎůɖɠ ˊŬɟɎɔɞɡɜ 

ɛŮŰŬɓɞɚɐ ůŰɖɜ ŰŬɢɨŰɖŰŬ űɎůɖɠ ɛŮ Űɖ ůɡɢɜɧŰɖŰŬ (ŭɘŬůˊɞɟɎ ɢɟɧɜɞɡ) ɐ Űɞɜ 

əɡɛŬŰŬɟɘɗɛɧ (ŭɘŬůˊɞɟɎ ɢɩɟɞɡ). ȾɨɛŬŰŬ ŰŬ ɞˊɞɑŬ ŭɘŬŭɑŭɞɜŰŬɘ ůŮ ɏɜŬ ŭɘŬəɟɘŰɧ ŭɑəŰɡɞ 

ŭɘŬůəɞɟˊɑɕɞɜŰŬɘ ůŰŬŭɘŬəɎ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ŭɘŬŭɟɞɛɐɠ(ɄŬɔɘŬɚɎəɖɠ, 2014).  

ȼ ŬɜɎɚɡůɖ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ ŭɘŬůˊɞɟɎɠ ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ ŰŬ ɛɘəɟɧŰŮɟŬ ɛɐəɖ 

əɨɛŬŰɞɠ ůŰɞ ɛɞɜŰɏɚɞ ˊɟɏˊŮɘ ɜŬ ɡˊɞɓɎɚɚɞɜŰŬɘ ůŮ ŭŮɘɔɛŬŰɞɚɖɣɑŬ ŮűŰɎ ůɖɛŮɑɤɜ Űɞɡ 

əŬɜɜɎɓɞɡ, ŬɜɎ ɛɐəɞɠ əɨɛŬŰɞɠ. ȰŰůɘ, ɔɘŬ ɜŬ ŬˊɞűŮɡɢɗŮɑ ŬɡŰɐ ɖ ŭɘŬůˊɞɟɎ, ˊɟɏˊŮɘ ɖ 

ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ əɧɛɓɤɜ (ȹx) ɜŬ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ: 

ȹx Ò      (Ůɝ. 2. 34) 

ɧˊɞɡ ɚmin ŮɑɜŬɘ Űɞ ɛɘəɟɧŰŮɟɞ ɛɐəɞɠ əɨɛŬŰɞɠ əŬɘ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŮɚɎɢɘůŰɖ 

ŰŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ Űɞɡ əɨɛŬŰɞɠ. ũŮɜɘəɧŰŮɟŬ, ɖ ɢɤɟɘəɐ ŬɜɎɚɡůɖ ɓŬůɑɕŮŰŬɘ ůŰɖɜ 

ŮɚɎɢɘůŰɖ ŰŬɢɨŰɖŰŬ ůŮɘůɛɘəɞɨ əɨɛŬŰɞɠ, əŬɘ ɖ ůɡɜɗɐəɖ ŮɡůŰɎɗŮɘŬɠ ɓŬůɑɕŮŰŬɘ ůŰɖ 

ɛɏɔɘůŰɖ ŰŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ Űɞɡ əɨɛŬŰɞɠ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞ ɛɞɜŰɏɚɞ. ȼ 

ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ Ůɜ ɚɧɔɤ ŬɟɘɗɛɖŰɘəɞɨ ůɢɐɛŬŰɞɠ  ɓŬůɑɕŮŰŬɘ ůŮ(Vafidis, et al., 1996): 

 Vmax Ò       (Ůɝ. 2. 35) 

ɧˊɞɡ ȹt ŮɑɜŬɘ Űɞ ɢɟɞɜɘəɧ ɓɐɛŬ, ȹx ŮɑɜŬɘ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ əɧɛɓɤɜ Űɞɡ 

əŬɜɎɓɞɡ, əŬɘ Vmax ŮɑɜŬɘ ɖ ɛɏɔɘůŰɖ ůŮɘůɛɘəɐ ŰŬɢɨŰɖŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ. Ƀ Űɨˊɞɠ ŬɡŰɧɠ, 

ˊɟɞůŭɘɞɟɑɕŮɘ Űɖɜ Űɘɛɐ Űɞɡ ɛɏɔɘůŰɞɡ ɢɟɞɜɘəɞɨ ɓɐɛŬŰɞɠ (ȹt), ɞɟɘɞɗŮŰɩɜŰŬɠ Űɖɜ 

ŰŬɢɨŰŮɟɖ ŬɚɚɎ əŬɘ Űɖɜ ˊɘɞ ŮɡůŰŬɗɐ ɚɨůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ (Vafidis, et al., 1996). 
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ȷɜ ůŰɖɜ Ůɝɑůɤůɖ 2.34 ŬɜŰɘəŬŰŬůŰŬɗŮɑ Űɞ ɚmin, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɗŮɛŮɚɘɩŭɖ 

Ůɝɑůɤůɖ Űɖɠ əɡɛŬŰɘəɐɠ (V=ɚĀf) əŬɘ ɗŮɤɟɩɜŰŬɠ ɧŰɘ ɖ ɛɏɔɘůŰɖ ůɡɢɜɧŰɖŰŬ Űɖɠ ˊɖɔɐɠ 

ɘůɞɨŰŬɘ ɛŮ 2.5 űɞɟɏɠ Űɖɜ əɡɟɑŬɟɢɖ ůɡɢɜɧŰɖŰŬ (Fcent ) ˊɟɞəɨˊŰŮɘ ɖ ˊɟɞůŮɔɔɘůŰɘəɐ 

Ůɝɑůɤůɖ 2.36: 

‗
ȟ 

ῳὼ
   ɝØ

ᶻ
   (Ůɝ. 2. 36) 
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3ɞ ȾŮűɎɚŬɘɞ 

 

ɇɞ ŰɟɑŰɞ əŮűɎɚŬɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ ŬɜŬűɏɟŮŰŬɘ ůŰɞ 

ůɢŮŭɘŬůɛɧ Űɤɜ Ŭɚɔɞɟɑɗɛɤɜ əŬɘ ůŰŬ ɓɐɛŬŰŬ ˊɞɡ ŬəɞɚɞɡɗɞɨɜŰŬɘ ɔɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ, ɛɏůɤ Űɞɡ ɚɞɔɘůɛɘəɞɨ Matlab. ɆɡɔəŮəɟɘɛɏɜŬ, Űɞ 

Matlab ŮɑɜŬɘ ɏɜŬ ˊŮɟɘɓɎɚɚɞɜ ŬɟɘɗɛɖŰɘəɐɠ ɡˊɞɚɞɔɘůŰɘəɐɠ əŬɘ ŰŬɡŰɧɢɟɞɜŬ, ɛɘŬ 

ˊɟɞɔɟŬɛɛŬŰɘůŰɘəɐ ɔɚɩůůŬ ŰɏŰŬɟŰɖɠ ɔŮɜɘɎɠ. ȷˊɞɗɖəŮɨŮɘ əŬɘ əɎɜŮɘ Űɘɠ ˊɟɎɝŮɘɠ ɛŮ ɓɎůɖ 

Űɖɜ ɎɚɔŮɓɟŬ ɛɖŰɟɩɜ, ŭɖɚŬŭɐ ˊɟɎɝŮɘɠ ɛŮ ˊɑɜŬəŮɠ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ 

ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ ɛŬɗɖɛŬŰɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ, ɤůŰɧůɞ ŮɑɜŬɘ ɏɜŬ ˊɞɚɨ çɘůɢɡɟɧè 

ŮɟɔŬɚŮɑɞ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ əŬɘ ɔɘŬ ˊɟɞɔɟŬɛɛŬŰɘůɛɧ əŬɗɩɠ ˊŮɟɘɏɢŮɘ 

ŮɜŰɞɚɏɠ Ŭˊɧ C++, Java, Fortran əŬɘ Python (Anon., 2017). 

 

3.1 ɆɖɛŮɘŬəɐ ɖ́ɔɐ 

 

Ƀ ůɢŮŭɘŬůɛɧɠ Űɖɠ ˊɖɔɐɠ ŮɑɜŬɘ ɛɑŬ Ŭˊɧ Űɘɠ ɓŬůɘəɏɠ ɚŮɘŰɞɡɟɔŮɑŮɠ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ. ȼ ŬɜŬɚɡŰɘəɐ ɚɨůɖ ɔɘŬ ůɖɛŮɘŬəɐɠ ˊɖɔɐɠ (point source)  ˊɟɞəɨˊŰŮɘ Ŭˊɧ 

Űɖɜ Ůɝɑůɤůɖ Űɞɡ Green ɔɘŬ ɏɜŬ ɞɛɞɔŮɜɐ ɢɩɟɞ. Ƀɘ ůɡɜŰŮŰŬɔɛɏɜŮɠ Űɖɠ ůɖɛŮɘŬəɐɠ ˊɖɔɐɠ 

ŮɑɜŬɘ (xs, ys, zs), əŬɘ ɖ Ůɝɑůɤůɖ Űɖɠ ˊɑŮůɖɠ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ (Aki & Richards, 1980): 

ὖὼȟώȟᾀȟὸ Ὓᴂὸ ,    (Ůɝ. 3. 1) 

 

ȳˊɞɡ Ὠ ὼ ὼ  ώ ώ  ᾀ ᾀ  , (x, y, z) ɖ ɗɏůɖ ɡˊɞɚɞɔɘůɛɞɨ 

Űɖɠ ˊɖɔɐɠ əŬɘ V ɖ ŰŬɢɨŰɖŰŬ Űɞɡ ůŰɟɩɛŬŰɞɠ ˊɞɡ ɏɢŮɘ ŮɘůŬɢɗŮɑ ɖ ˊɖɔɐ. ɋɠ Ůɝɑůɤůɖ Űɖɠ 

ˊɖɔɐɠ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ŮɟɔŬůɑŬɠ ŬɡŰɐɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɑŬ ũəŬɞɡůɘŬɜɐ  Ⱥɝɑůɤůɖ 

(Gaussian function) S(t)= CὩ , ɛŮ ů əŬɘ C ůŰŬɗŮɟɏɠ əŬɘ t1 ɛɑŬ ɗŮŰɘəɐ ɢɟɞɜɘəɐ 

əŬɗɡůŰɏɟɖůɖ. Ƀɘ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɘɠ ůɡɜɘůŰɩůŮɠ ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ɡɚɘəɩɜ ůɖɛŮɑɤɜ ůŰɘɠ 

ŭɘŮɡɗɨɜůŮɘɠ (x, y, z) ˊɟɞəɨˊŰŮɘ Ŭˊɧ: 

ό  Ὓὸ Ὓ ὸ         (Ůɝ. 3. 2) 
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ὺ Ὓὸ Ὓ ὸ         (Ůɝ. 3. 3) 

 

ύ Ὓὸ Ὓ ὸ    (Ůɝ. 3. 4) 

Ƀ əɩŭɘəŬɠ Űɖɠ ˊɖɔɐ ɏɢŮɘ ɡɚɞˊɞɘɖɗŮɑ, ɛɏůɤ Űɤɜ ŮɝɘůɩůŮɤɜ ˊɑŮůɖɠ əŬɘ 

ŰŬɢɡŰɐŰɤɜ (3.1-3.4) ˊɞɡ ŮɘůɎɔɞɜŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ɗɏůŮɘɠ ɛɏůŬ ůŰɞ ɡˊɞɚɞɔɘůŰɘəɧ 

ŭɑəŰɡɞ (əɎɜŬɓɞ). ɆŰɖ ɗɏůɖ Űɖɠ ˊɖɔɐɠ (xs, ys, zs), ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɧɠ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ 

ŭɘɏɔŮɟůɖɠ Űɖɠ ˊɖɔɐɠ, ɞˊɧŰŮ ɡˊɞɚɞɔɑɕŮŰŬɘ ˊŮɟɘɛŮŰɟɘəɎ.  ȯɟŬ ɖ ŮűŬɟɛɞɔɐ ɗŮɤɟŮɑ ɧŰɘ ɛɘŬ 

ɛɘəɟɐ ˊŮɟɘɞɢɐ ˊɏɜŰŮ əɧɛɓɤɜ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3. 1, ɔɨɟɤ Ŭˊɧ Űɖ  ɗɏůɖ Űɖɠ 

ˊɖɔɐɠ ŮɑɜŬɘ ɞɛɞɘɞɔŮɜɐɠ (Vafidis, et al., 1996). 

 

ɆɢɐɛŬ 3. 1: ɆɢŮŭɘŬůɛɧɠ ɖ́ɔɐɠ ɛɞɜŰɏɚɞɡ 
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3.2 ȷˊɞɟɟɞűɖŰɘəɎ ɧɟɘŬ ɛɞɜŰɏɚɞɡ  

 

ɆŰɘɠ ŬɟɘɗɛɖŰɘəɏɠ ɛŮɗɧŭɞɡɠ ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ əɡɛɎŰɤɜ ůŮ 

ɛɏůŬ ɛŮ ŬˊŮɟɘɧɟɘůŰŮɠ ŭɘŬůŰɎůŮɘɠ, ɖ ŮɜɏɟɔŮɘŬ Űɤɜ ŮɝŮɟɢɧɛŮɜɤɜ əɡɛɎŰɤɜ Ŭˊɧ Űɞ 

ˊŮɟɘɞɟɘůɛɏɜɤɜ ŭɘŬůŰɎůŮɤɜ ɡˊɞɚɞɔɘůŰɘəɧ ɛɞɜŰɏɚɞ, ˊɟɏˊŮɘ ɜŬ ŬˊɞɟɟɞűɖɗŮɑ ɛŮ əɎˊɞɘɞ 

Űɟɧˊɞ ůŰŬ ɧɟɘŬ Űɞɡ, ɩůŰŮ ɜŬ ɛɖ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŮ ŬɡŰɎ ˊɚŬůɛŬŰɘəɏɠ ŬɜŬəɚɎůŮɘɠ əŬɘ 

ˊŮɟɘɗɚɎůŮɘɠ ˊɞɡ ŭŮɜ ɡˊɎɟɢɞɡɜ ůŰŬ ɛɏůŬ ɛŮ ŬˊŮɟɘɧɟɘůŰŮɠ ŭɘŬůŰɎůŮɘɠ. ȰŰůɘ, 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰŮɢɜɖŰɎ ɧɟɘŬ ŰŬ ɞˊɞɑŬ çŰŮɟɛŬŰɑɕɞɡɜè ůŰɞ ɢɩɟɞ, Űɞ ɡˊɞɚɞɔɘůŰɘəɧ 

ɛɞɜŰɏɚɞ  əŬɘ Ŭˊɞɟɟɞűɞɨɜ Űɖɜ ŮɜɏɟɔŮɘŬ Űɤɜ ˊɟɞůˊɘˊŰɧɜŰɤɜ əɡɛɎŰɤɜ, ŬˊɞŰɟɏˊɞɜŰŬɠ 

ŰŬ ŮɝŮɟɢɧɛŮɜŬ Ŭˊɧ Űɞ ɛɏůɞ əɨɛŬŰŬ, ɜŬ ŬɜŬəɚŬůŰɞɨɜ Ŭˊɧ ŰŬ ŰŮɢɜɖŰɎ ɧɟɘŬ əŬɘ ɜŬ 

ŮˊɘůŰɟɏɣɞɡɜ ůô ŬɡŰɧ (ɆəŬɟɚŬŰɞɨŭɖɠ, 2009).  

ɆŰɖ ɓɎůɖ ŬɡŰɐɠ Űɖɠ ŮɝɏŰŬůɖɠ, ŭɖɛɘɞɡɟɔɐɗɖəŮ ɏɜŬ ůɨɜɞɚɞ ȷˊɞɟɟɞűɖŰɘəɩɜ 

Ƀɟɑɤɜ (Absorbing Boundaries) ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.2 ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ 

Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŬɜŬəɚɎůŮɤɜ Ŭˊɧ ŰŬ ɧɟɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ. ȼ ŭɘɎŭɞůɖ Űɤɜ 

əɡɛɎŰɤɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ ůɢɐɛŬŰɞɠ 3.2, Ůɜɩ ɞɘ 

ŬɜŬəɚɎůŮɘɠ Ŭˊɧ ŰŬ ɧɟɘŬ ŬˊɞůɓɏɜɞɜŰŬɘ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ, ɧˊɞɡ 

əŬɘ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ ŰŬ ŬˊɞɟɟɞűɖŰɘəɎ ɧɟɘŬ. 

 

 

 

ɆɢɐɛŬ 3. 2: ȺɘəɧɜŬ Ŭ́ ɞɟɟɞűɖŰɘəɩɜ ɞɟɑɤɜ ůŮ ɞɛɞɘɞɔŮɜɏɠ ɛɏůɞ.  
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ũɘŬ əɎɗŮ ˊɚŮɡɟɎ Űɞɡ ɛɞɜŰɏɚɞɡ ɗŬ ˊɟɏˊŮɘ ɜŬ ɓɟŮɗŮɑ əŬɘ ɜŬ ŮűŬɟɛɞůŰŮɑ ɖ 

əŬŰɎɚɚɖɚɖ ɛɞɜɞəŬŰŮɡɗɡɜŰɘəɐ Ůɝɑůɤůɖ əɑɜɖůɖɠ (Dai, et al., 1994). 

ũɘŬ Űɖɜ ŭɘɎŭɞůɖ Űɞɡ ůŮɘůɛɘəɞɨ əɨɛŬŰɞɠ Űɖɠ ˊɖɔɐɠ ůŰɖɜ əɎŰɤ ˊɚŮɡɟɎ Űɞɡ 

ɛɞɜŰɏɚɞɡ, ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɛɧɜɞ ŰŬ əɨɛŬŰŬ ˊɞɡ ɏɢɞɡɜ əŬŰŮɨɗɡɜůɖ ˊɟɞɠ ŰŬ əɎŰɤ 

(+z), ɢɤɟɑɠ ɜŬ ŰɑɗŮŰŬɘ ˊŮɟɘɞɟɘůɛɧɠ ˊɟɞɠ Űɖɜ ŭɘŮɨɗɡɜůɖ Űɤɜ x əŬɘ y Ŭɝɧɜɤɜ, ɎɟŬ: 

ὃ ὄ ὅ        (Ůɝ. 3. 5) 

ɧˊɞɡ, ȷ əŬɘ ȸ ŮɑɜŬɘ ɞɘ ˊɑɜŬəŮɠ (2.22) əŬɘ (2.23), ŬɜŰɑůŰɞɘɢŬ, Ůɜɩ ɞ C Ñ ŮɑɜŬɘ (Vafidis, 

et al., 1996): 

ὅ

ụ
Ụ
Ụ
Ụ
Ụ
ợ       π π ὑ

     π           π π π
     π           π π π

           π π
Ứ
ủ
ủ
ủ
ủ
Ủ

       (Ůɝ. 3. 6) 

ũɘŬ ŰŬ ɧɟɘŬ Űɖɠ ŭŮɝɘɎɠ əŬɘ Űɖɠ ŬɟɘůŰŮɟɐɠ ˊɚŮɡɟɎɠ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɘɜ ŰŬ 

əɨɛŬŰŬ ˊɞɡ ɏɢɞɡɜ əŬŰŮɨɗɡɜůɖ əŬŰɎ  (-x) əŬɘ (+x), ŬɜŰɑůŰɞɘɢŬ,  əŬɗô ɧŰɘ ŭŮɜ ŰɑɗŮŰŬɘ 

əŬɜɏɜŬɠ ˊŮɟɘɞɟɘůɛɧɠ ɔɘŬ Űɖ ŭɘɎŭɞůɖ Űɤɜ əɡɛɎŰɤɜ ůŰɖɜ əŬŰŮɨɗɡɜůɖ y əŬɘ z, ɎɟŬ: 

ὃ ὄ ὅ        (Ůɝ. 3. 7) 

ɧˊɞɡ, ɞ ˊɑɜŬəŬɠ  ὃ  ŭɑɜŮŰŬɘ Ŭˊɧ, 

ὃ

ụ
Ụ
Ụ
Ụ
Ụ
ợ       ὑ π π

     π π

   π        π π π
   π        π π πỨ

ủ
ủ
ủ
ủ
Ủ

       (Ůɝ. 3. 8) 

ɛŮ ȸ əŬɘ C ɜŬ ŮɑɜŬɘ ɞɘ ɑŭɘɞɘ ˊɑɜŬəŮɠ (2.23) əŬɘ (2.24). Ⱥˊɘˊɚɏɞɜ, ůŰɘɠ ˊɚŮɡɟɏɠ Ůɛˊɟɧɠ 

əŬɘ ˊɑůɤ Űɞɡ ɛɞɜŰɏɚɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ŰŬ əɨɛŬŰŬ ůŰɘɠ ŭɘŮɡɗɨɜůŮɘɠ (-y) əŬɘ (+y), 

ɢɤɟɑɠ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ůŰɘɠ əŬŰŮɡɗɨɜůŮɘɠ  ůŰɞɡɠ ɎɝɞɜŮɠ x əŬɘ z: 

ὃ ὄ ὅ       (Ůɝ. 3. 9) 

ɧˊɞɡ, ὄ  ŭɑɜŮŰŬɘ Ŭˊɧ 
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ὄ

ụ
Ụ
Ụ
Ụ
Ụ
ợ        π ὑ     π

 π           π π     π

                π             π

 π       π π     πỨ
ủ
ủ
ủ
ủ
Ủ

      (Ůɝ. 3. 10) 

əŬɘ ɞɘ ˊɑɜŬəŮɠ ȷ əŬɘ C ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞɡɠ ˊɑɜŬəŮɠ (2. 23) əŬɘ (2.24) (Vafidis, et al., 

1996). 
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3.3 ɀŮɗɞŭɞɚɞɔɑŬ 

 

Ɇəɞˊɧɠ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ ɐŰŬɜ ɖ ɢɟɐůɖ Űɖɠ ɛŮɗɧŭɞɡ ɄŮˊŮɟŬůɛɏɜɤɜ 

ȹɘŬűɞɟɩɜ Űɞɡ Űɨˊɞɡ MacCormack ɔɘŬ Űɖɜ ŭɘɎŭɞůɖ əɡɛɎŰɤɜ ůŮ ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ 

ŮŰŮɟɞɔŮɜɏɠ ɛɏůɞ. ɇŬ ɓɐɛŬŰŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŬɜ ŮɑɜŬɘ ŰŬ Ůɝɐɠ: 

1. ȹɖɛɘɞɡɟɔɐɗɖəŮ ɛɘŬ ůɡɜɎɟŰɖůɖ ɛŮ ɧɜɞɛŬ çMacCore3D9è, ɖ ɞˊɞɑŬ ŮəŰŮɚŮɑ 

Űɘɠ ˊɟɎɝŮɘɠ Űɤɜ ɧɟɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ˊŬɟɏɜɗŮůɖ Űɤɜ ŮɝɘůɩůŮɤɜ (2.30 - 2.33) 

2. ȹɖɛɘɞɡɟɔɑŬ ůɡɜɎɟŰɖůɖɠ ɛŮ ɧɜɞɛŬ çMacCormack3D9», ɖ ɞˊɞɑŬ ŮəŰŮɚŮɑ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ MacCormack, ůŰɖ Ůɝɑůɤůɖ 2.28. 

3. ȹɖɛɘɞɡɟɔɑŬ ůɡɜɎɟŰɖůɖɠ ɛŮ ɞɜɞɛŬůɑŬ çSourceè, ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ŬɜŬɚɡŰɘəɐɠ ɚɨůɖɠ Űɖɠ Ůɝɑůɤůɖɠ Űɞɡ əɨɛŬŰɞɠ əŬɗɩɠ əŬɘ Űɖɠ əɡɛŬŰɞɛɞɟűɐɠ Űɖɠ ˊɖɔɐɠ, 

ˊɞɡ ŮɘůɎɔŮŰŬɘ ůŰɞ ɛɞɜŰɏɚɞ. 

4. ȹɖɛɘɞɡɟɔɑŬ ůɡɜɎɟŰɖůɖɠ ɛŮ ɧɜɞɛŬ çRun_Synthetic_Model_3D_Version2», 

ɖ ɞˊɞɑŬ ŮɘůɎɔŮɘ Űɖɜ ˊɖɔɐ ůŮ ůɡɔəŮəɟɘɛɏɜɖ ɗɏůɖ ůŰɞ ɛɞɜŰɏɚɞ əŬɘ ˊɟŬɔɛŬŰɞˊɞɘŮɑ 

ŭɘŬŭɞɢɘəɎ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ əɡɛŬŰɘəɞɨ ˊŮŭɑɞɡ, ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɢɟɞɜɘəɏɠ ůŰɘɔɛɏɠ. 

5. ȹɖɛɘɞɡɟɔɑŬ ůɡɜɎɟŰɖůɖɠ ɛŮ ɧɜɞɛŬ çBoundaries Functionè, ˊɞɡ ŮɑɜŬɘ ŰŬ 

ȷˊɞɟɟɞűɖŰɘəɎ ȳɟɘŬ Űɞɡ ɀɞɜŰɏɚɞɡ.  

 

 

  



30 

 

3.3.1 ȹɘɎɔɟŬɛɛŬ ɟɞɐɠ Ŭɚɔɞɟɑɗɛɞɡ 

 

ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3. 3 Űɞ ŭɘɎɔɟŬɛɛŬ ɟɞɐɠ Űɞɡ 

Ŭɚɔɞɟɑɗɛɞɡ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ «Model_Parameters_3D», «Source_3D» əŬɘ 

«Receivers_3D» ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ůə Űɤɜ ˊɟɞŰɏɟɤɜ ɔɘŬ əɎɗŮ ɛɞɜŰɏɚɞ əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ 

ŮɘůɎɔɤɜŰŬɘ ůŰɞɜ əŮɜŰɟɘəɐ ůɡɜɎɟŰɖůɖ çRun_Synthetic_Model_3D_Version2» ɤɠ 

ɏŰɞɘɛŮɠ ɛŮŰŬɓɚɖŰɏɠ. 

ɆŰɖɜ ůɡɜɏɢŮɘŬ, əŬɚɞɨɜŰŬɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ çMacCore3D9è əŬɘ 

«MacCormack3D9» ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ůɢɐɛŬŰɞɠ Űɤɜ Ʉ. ȹ. Ʉɟɘɜ, ŰŮɚŮɘɩůŮɘ Űɞ 

ɢɟɞɜɘəɧ ɧɟɘɞ əŬŰŬɔɟŬűɐɠ (Record Length) ɖ əŮɜŰɟɘəɐ ůɡɜɎɟŰɖůɖ əŬɚŮɑ Űɖɜ ɡˊɧ 

ůɡɜɎɟŰɖůɖ çBoundaries Function». 

ɇɏɚɞɠ, ŬˊɞɗɖəŮɨɞɜŰŬɘ ůŰɖ ɛɜɐɛɖ Űɞɡ ȼɚŮəŰɟɞɜɘəɞɨ ɈˊɞɚɞɔɘůŰɐ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮ Űɞ ɧɜɞɛŬ çResults_3D». 

 

ɆɢɐɛŬ 3. 3: ȹɘɎɔɟŬɛɛŬ Ʌɞɐɠ ȷɚɔɞɟɑɗɛɞɡ 
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3.4 ȸɐɛŬŰŬ ŭɖɛɘɞɡɟɔɑŬɠ Ŭɚɔɞɟɑɗɛɞɡ 

 

3.4.1. ȷɚɔɧɟɘɗɛɞɠ MacCore3D9 

Ƀ Ŭɚɔɧɟɘɗɛɞɠ MacCore3D9 ŭɖɛɘɞɡɟɔɐɗɖəŮ ɛŮ ůəɞˊɧ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɤɜ ŮɝɘůɩůŮɤɜ 2.30 - 2.33 Űɞɡ ůɢɐɛŬŰɞɠ Űɨɞ́ɡ MacCormack. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ ɞ Ŭɚɔɧɟɘɗɛɞɠ ɡˊɞɚɞɔɑɕŮɘ Űɞɜ ɧɟɞ ˊɞɡ ɏɢŮɘ Űɖ ɛɞɟűɐ ñ7*Q (i, j, k) ï 8*Q 

(i+1|-1, j, k) + Q (i+2|-2, j, k)ò. ɆŰɞɜ ůɡɔəŮəɟɘɛɏɜɞ əɩŭɘəŬ Űɞ Q(z,x,y) ŬɜŰɘˊɟɞůɤˊŮɨŮɘ 

Űɞɜ ɧɟɞ U(z,x,y) ůŮ ɢɟɧɜɞ n ɔɘŬ ɧɚŬ ŰŬ ůŰɞɘɢŮɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ. ɇɞ ɛɏɔŮɗɞɠ Űɞɡ ˊɑɜŬəŬ 

ŮɑɜŬɘ (Z, X, Y) əŬɘ ŰŬ ˊɟɧůɖɛŬ Űɖɠ Ůɝɑůɤůɖɠ ˊɟɞůŭɘɞɟɑɕɞɡɜ Űɖɜ əŬŰŮɨɗɡɜůɖ 

ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ŭɘŬűɞɟɩɜ. ȹɖɚŬŭɐ: 

1. ũɘŬ Űɞɜ ŰŮɚŮůŰɐ Fz, ɞ ɧɟɞɠ i Űɖɠ Ůɝɑůɤůɖɠ ñ7*Q (i, j, k) ï 8*Q (i+1|-1, j, k) + 

Q (i+2|-2, j, k)ò , ŭŮɑɢɜŮɘ Űɖ əŬŰŮɨɗɡɜůɖ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ŭɘŬűɞɟɩɜ ŮɑŰŮ ˊɟɞɠ ŰŬ ˊɎɜɤ 

ɛŮ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ əŬɘ ˊɟɞɠ ŰŬ əɎŰɤ ɛŮ ɗŮŰɘəɧ ˊɟɧůɖɛɞ. 

2. ũɘŬ Űɞɜ ŰŮɚŮůŰɐ Fx, ɞ ɧɟɞɠ j Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ Ůɝɑůɤůɖɠ, ŭŮɑɢɜŮɘ Űɖ 

əŬŰŮɨɗɡɜůɖ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ŭɘŬűɞɟɩɜ ŮɑŰŮ ˊɟɞɠ ŰŬ ŭŮɝɘɎ ɛŮ ɗŮŰɘəɧ ˊɟɧůɖɛɞ, ŮɑŰŮ 

ˊɟɞɠ ŰŬ ŬɟɘůŰŮɟɎ ɛŮ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ. 

3. ũɘŬ Űɞɜ ŰŮɚŮůŰɐ Fy, ɞ ɧɟɞɠ k Űɖ ˊɟɞɖɔɞɨɛŮɜɖɠ Ůɝɑůɤůɖɠ, ŭŮɑɢɜŮɘ Űɖ 

əŬŰŮɨɗɡɜůɖ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ŭɘŬűɞɟɩɜ ŮɑŰŮ ˊɟɞɠ ŰŬ Ůɛˊɟɧɠ ɛŮ ɗŮŰɘəɧ ˊɟɧůɖɛɞ, ŮɑŰŮ 

ˊɟɞɠ ŰŬ ˊɑůɤ ɛŮ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ. 

 

3.4.2. ȷɚɔɧɟɘɗɛɞɠ MacCormack3D9 

ȼ ůɡɜɎɟŰɖůɖ Űɞɡ MacCormack3D9  ŭɖɛɘɞɡɟɔɐɗɖəŮ ɛŮ ůəɞˊɧ ɜŬ ŮəŰŮɚŮɑ Űɞɡɠ 

ɡˊɞɚɞɔɘůɛɞɨɠ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ MacCormack ɔɘŬ Űɖɜ ŰɟɘůŭɘɎůŰŬŰɖ əɡɛŬŰɘəɐ 

Ůɝɑůɤůɖ. ȼ ɔŮɜɘəɐ ɛɞɟűɐ Űɞɡ ůɢɐɛŬŰɞɠ ŮɑɜŬɘ: 

Q(n+2) = Fx * Fy * Fz * Fz (+) * Fy (+) * Fx (+) * Q(n)   (Ůɝ. 3. 11) 

ɧˊɞɡ Q ɡˊɞɚɞɔɑɕŮŰŬɘ ůŮ ɏɝɘ ɓɐɛŬŰŬ Ŭˊɧ Űɘɠ ůɡɜŬɟŰɐůŮɘɠ Űɞɡ Predictor əŬɘ Corrector. 

ȰŰůɘ, ɞɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ Űɞɜ əɩŭɘəŬ ŮɑɜŬɘ: 

1. ȼ ɄɑŮůɖ ˊɞɡ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ (P) 
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2. Ƀɘ ůɡɜɘůŰɩůŮɠ Űɞɡ ŭɘŬɜɨůɛŬŰɞɠ ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɞɡɠ ɎɝɞɜŮɠ ɉ, Ɉ, əŬɘ Ȼ,  

ůɡɛɓɞɚɑɕɞɜŰŬɘ ɛŮ U, V əŬɘ W, ŬɜŰɑůŰɞɘɢŬ. 

Ⱥˊɘˊɚɏɞɜ, ɞ Ŭɚɔɧɟɘɗɛɞɠ ɢɟɖůɘɛɞˊɞɘŮɑ Űɖɜ ɛŮŰŬɓɚɖŰɐ (struct array) 

ñModel_Parameters_3Dò ɖ ɞˊɞɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ (Rho, Kapa, Vp) Űɞɡ 

ŮəɎůŰɞŰŮ ɛɞɜŰɏɚɞɡ. ɇɏɚɞɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ˊŬɟɎɛŮŰɟɞɠ ñflagò ɔɘŬ ɜŬ ɛˊɞɟɏůŮɘ ɞ 

Ŭɚɔɧɟɘɗɛɞɠ ɜŬ ɡɚɞˊɞɘɐůŮɘ ŰŬ ɏɝɘ ɓɐɛŬŰŬ: 

1. ȺɎɜ Űɞ ñflagò ŮɑɜŬɘ ɑůɞ ɛŮ ɏɜŬ, ɖ Ůɝɑůɤůɖ 3.11 ɏɢŮɘ Űɖ ɛɞɟűɐ: 

Q(n+1) = Fz (+) * Fy (+) * Fx (+) * Q(n)   (Ůɝ. 3. 12) 

2. ȺɎɜ Űɞ ñflagò ŮɑɜŬɘ ɑůɞ ɛŮ ŭɨɞ, ɖ Ůɝɑůɤůɖ 3.11 ɏɢŮɘ Űɖ ɛɞɟűɐ: 

Q(n+2) = Fx * Fy * Fz * Q(n+1)    (Ůɝ. 3. 13) 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ ŮɑɜŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Ʌ, U, V, W ɔɘŬ ɢɟɧɜɞ 

ñn+2ò. 

 

3.4.3. ȷɚɔɧɟɘɗɛɞɠ Source 

Ƀ Ŭɚɔɧɟɘɗɛɞɠ Űɖɠ Ʉɖɔɐɠ (Source) ŭɖɛɘɞɡɟɔɐɗɖəŮ ɔɘŬ ɜŬ ɡˊɞɚɞɔɑůŮɘ Űɞ ˊŬɚɛɧ 

(Impulse) ɐ Ŭɚɚɘɩɠ Űɖ əɡɛŬŰɞɛɞɟűɐ Űɖɠ ˊɖɔɐɠ ůŮ 24 əɧɛɓɞɡɠ (Zs±1 & Zs±2, Xs±1 & 

Xs±2, Ys±1 & Ys±2) ˊŮɟɘɛŮŰɟɘəɎ Űɖɠ ɗɏůɖɠ Űɖɠ ˊɖɔɐɠ (Ȼs, Xs, Ys), ɛɏůŬ ůŰɞ 

ŰɟɘůŭɘɎůŰŬŰɞ ɡˊɞɚɞɔɘůŰɘəɧ ŭɑəŰɡɞ ɐ əɎɜŬɓɞ (grid). Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮɘůɎɔɞɜŰŬɘ 

ɛɏůŬ ůŰɞɜ Ŭɚɔɧɟɘɗɛɞ ŮɑɜŬɘ ɖ ɘůŬˊɧůŰŬůɖ Űɤɜ əɧɛɓɤɜ (DH), Űɞ ɢɟɞɜɘəɧ ɓɐɛŬ (dt), ɖ  

əŮɜŰɟɘəɐ ůɡɢɜɧŰɖŰŬ (fos) Űɖɠ ˊɖɔɐɠ ůŮ Hz, ɖ ˊɡəɜɧŰɖŰŬ (Rho) əŬɘ ɖ ŰŬɢɨŰɖŰŬ Űɤɜ 

ŭɘŬɛɐəɤɜ əɡɛɎŰɤɜ (Vp) Űɞɡ ůŰɟɩɛŬŰɞɠ ˊɞɡ ɗŬ ɓɟɑůəŮŰŬɘ ɖ ˊɖɔɐ. ȼ ŰŬɢɨŰɖŰŬ 

ŮɘůɎɔŮŰŬɘ ůŮ ɛɞɜɎŭŮɠ (m/s) Ůɜɩ ŬɜŰɑůŰɞɘɢŬ ɖ ˊɡəɜɧŰɖŰŬ ůŮ (kg/m3). ȼ ŮɜŰɞɚɐ ɔɘŬ Űɖ 

ůɡɜɎɟŰɖůɖ Űɖɠ ˊɖɔɐɠ ŮɑɜŬɘ: 

[Ps Us Vs Ws] =Source (DH, Rho, Vp, dt, fos) 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ŮɑɜŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Ps, Us, Vs əŬɘ Ws. ȼ 

ˊŬɟɎɛŮŰɟɞɠ Ps ŮɑɜŬɘ ɖ ˊɑŮůɖ Űɖɠ ˊɖɔɐɠ əŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Us, Vs əŬɘ Ws ŮɑɜŬɘ ɞɘ 

ůɡɜɘůŰɩůŮɠ Űɞɡ ŭɘŬɜɨůɛŬŰɞɠ ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ůŰɞɡɠ ɎɝɞɜŮɠ ɉ, Ɉ əŬɘ Ȼ 

ŬɜŰɑůŰɞɘɢŬ ɔɘŬ ˊŬɟŬɛɏŰɟɞɡɠ: DH, Rho, Vp, dt əŬɘ fos. ɆŰɞ ɆɢɐɛŬ 3.4 űŬɑɜŮŰŬɘ ɖ ɛɞɟűɐ 
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Űɖɠ əɡɛŬŰɞɛɞɟűɐɠ Űɖɠ ˊɖɔɐɠ, ůŰɞ ˊŮŭɑɞ Űɖɠ ˊɑŮůɖɠ (Ʌ). ȿɧɔɤ Űɖɠ ɢɟɞɜɘəɐɠ ŭɘɎɟəŮɘŬɠ 

Űɖɠ ˊɖɔɐɠ, ŮˊɘɚɏɔŮŰŬɘ ɤɠ ɢɟɞɜɘəɧ ůɖɛŮɑɞ Ɏűɘɝɖɠ Űɤɜ əɡɛɎŰɤɜ ůŰɘɠ əŬŰŬɔɟŬűɏɠ, Űɞ 

ůɖɛŮɑɞ ŬɚɚŬɔɐɠ ˊɟɧůɖɛɞɡ (Cross Over) Űɖɠ Ɏűɘɝɖɠ, ŭŮŭɞɛɏɜɖɠ Űɖɠ ŮɡəɞɚɑŬɠ 

ŬɜŬɔɜɩɟɘůɖɠ Űɖɠ Ůɜ ɚɧɔɤ ɗɏůɖɠ ůŰɘɠ əŬŰŬɔɟŬűɏɠ.  

 

ɆɢɐɛŬ 3. 4: ȾɡɛŬŰɞɛɞɟűɐ ɖ́ɔɐɠ ɔɘŬ əŮɜŰɟɘəɐ ůɡɢɜɧŰɖŰŬ 100Hz 

 

3.3.4. ȷɚɔɧɟɘɗɛɞɠ Boundaries Function 

ȼ ůɡɜɎɟŰɖůɖ Űɤɜ ŬˊɞɟɟɞűɖŰɘəɩɜ ɞɟɑɤɜ ɛˊɞɟŮɑ ɜŬ ŮɜŮɟɔɞˊɞɘɖɗŮɑ ůŰɞɜ 

əŮɜŰɟɘəɧ Ŭɚɔɧɟɘɗɛɞ ɛŮ Űɖɜ ŮɜŰɞɚɐ: 

ñ[P, U, V, W] =Boundaries_Function (P, U, V, W, Model_Parameters_3D)ò 

Ƀ ůɡɔəŮəɟɘɛɏɜɞɠ əɩŭɘəŬɠ ɡɚɞˊɞɘŮɑ Űɘɠ ŮɝɘůɩůŮɘɠ 3.6 ɛɏɢɟɘ əŬɘ 3.11. Ƀ əɨɟɘɞɠ 

ɚɧɔɞɠ Űɖɠ ůɡɜɎɟŰɖůɖɠ ŮɑɜŬɘ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɐůŮɘ ŰŬ ŬɜŬəɚɩɛŮɜŬ əɨɛŬŰŬ Ŭˊɧ ŰŬ ɧɟɘŬ 

Űɞɡ ɛɞɜŰɏɚɞɡ.  

 

3.4.5. ȷɚɔɧɟɘɗɛɞɠ Run Synthetic Model 3D 

Ƀ Ŭɚɔɧɟɘɗɛɞɠ Run Synthetic Model 3D ŬˊɞŰŮɚŮɑ Űɖɜ əŮɜŰɟɘəɐ ůɡɜɎɟŰɖůɖ, ˊɞɡ 

ůɡɜŭɡɎɕŮɘ ɧɚŮɠ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ůɡɜŬɟŰɐůŮɘɠ. Ƀ Ŭɚɔɧɟɘɗɛɞɠ ŮəŰŮɚŮɑ Űɞɡɠ 

ɡˊɞɚɞɔɘůɛɞɨɠ ůɢŮŰɘəɎ ɛŮ Űɖ əɡɛŬŰɘəɐ Ůɝɑůɤůɖ ɓɎůɖ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ MacCormack. 

ɆŰɞɜ Ŭɚɔɧɟɘɗɛɞ, ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɘůŬɢɗɞɨɜ: 

1. ȼ ɔŮɤɛŮŰɟɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ (Model_Parameters_3D) 
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2. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ˊɖɔɐɠ (Source_3D) 

3. Ƀɘ ŭɘŬŰɎɝŮɘɠ Űɤɜ ɔŮɤűɩɜɤɜ (Receivers_3D) 

Ƀ ůɡɔəŮəɟɘɛɏɜɞɠ Ŭɚɔɧɟɘɗɛɞɠ ŭɑɜŮɘ ɤɠ ŬˊɞŰŮɚɏůɛŬŰŬ Űɘɠ Űɘɛɏɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ 

Ʌ, U, V əŬɘ W ɔɘŬ Űɘɠ ɗɏůŮɘɠ ˊɞɡ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ ŰŬ ɔŮɩűɤɜŬ. Ⱥˊɘˊɚɏɞɜ, ɛˊɞɟɞɨɜ 

ɜŬ ŮɜŮɟɔɞˊɞɘɖɗɞɨɜ ɐ əŬɘ ɜŬ ŬˊŮɜŮɟɔɞˊɞɘɖɗɞɨɜ ŰŬ ŬˊɞɟɟɞűɖŰɘəɎ ɧɟɘŬ, əŬɗɩɠ ɡˊɎɟɢŮɘ 

əŬɘ ɖ Ůˊɘɚɞɔɐ ŰɟɘůŭɘɎůŰŬŰɖɠ ŬˊŮɘəɧɜɘůɖɠ Űɖɠ ˊɑŮůɖɠ ( Ʌ ) ɔɘŬ ɞˊɞɘɞŭɐˊɞŰŮ ŮˊɑˊŮŭɞ.  

a

 

b 

 

c

 

d 

 

ɆɢɐɛŬ 3. 5: ɆŰɘɔɛɘɧŰɡˊɞ ˊŮŭɑɞɡ ˊɑŮůɖɠ ůŮ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ ɔɘŬ ɞɛɞɔŮɜɏɠ ɛɏůɞ ɛŮ ɟ=2000 kg/m3, 

Vp=3000m/s əŬɘ ˊɖɔɐ ɛŮ əŮɜŰɟɘəɐ ůɡɢɜɧŰɖŰŬ 100Hz: a) 12.5 ms, b) 25 ms, c) 30.75 ms, d) 37.5ms 

 

ɆŰɞ ɆɢɐɛŬ 3.5 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŬˊŮɘəɧɜɘůɖ Űɞɡ ˊŮŭɑɞɡ ˊɑŮůɖɠ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ 

ˊɖɔɐɠ, ɛŮ ɞɟɘɕɧɜŰɘɞɡɠ ɎɝɞɜŮɠ ɜŬ ŮɑɜŬɘ ɖ ɉ əŬɘ Ɉ ŭɘɎůŰŬůɖ Űɞɡ ɛɞɜŰɏɚɞɡ, Ůɜɩ ɞ 

əŬŰŬəɧɟɡűɞɠ ɎɝɞɜŬɠ ɜŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɘɠ Űɘɛɏɠ Űɞɡ ˊŮŭɑɞɡ Űɖɠ ˊɑŮůɖɠ. ɇŬ ůɢɐɛŬŰŬ 

ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ɛŮ Űɖ ɢɟɐůɖ Űɖɠ ŮɜŰɞɚɐɠ ç surf » ůŰɞ ɚɞɔɘůɛɘəɧ Matlab. ɆŰɞ ɆɢɐɛŬ 

3.5a ˊŬɟŬŰɖɟŮɑŰŬɘ ɖ Ůəəɑɜɖůɖ Űɞɡ ůŮɘůɛɘəɞɨ əɨɛŬŰɞɠ ůŰŬ 12.5 ms, Ůɜɩ ɆɢɐɛŬ 3.5 b - 

d ɖ ŭɘɎŭɞůɖ Űɞɡ ůŰɞ ɢɩɟɞ ɔɘŬ ɢɟɞɜɘəɏɠ ůŰɘɔɛɏɠ 25 ms, 30.75 ms əŬɘ 37.5ms ŬɜŰɑůŰɞɘɢŬ.   
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4ɞ ȾŮűɎɚŬɘɞ 

 

ɇɞ ŰɏŰŬɟŰɞ əŮűɎɚŬɘɞ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ ŬɜŬűɏɟŮŰŬɘ ůŰɞɜ ɏɚŮɔɢɞ əŬɘ 

ůŰɖɜ ŬəɟɑɓŮɘŬ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ůɢɐɛŬŰɞɠ ůɡɔəɟɑɜɞɜŰŬɠ Űɖɜ ŬɟɘɗɛɖŰɘəɐ ɛŮ Űɖɜ 

ŬɜŬɚɡŰɘəɐ ɚɨůɖ Ůɜɧɠ ɞɛɞɘɞɔŮɜɞɨɠ ɛɞɜŰɏɚɞɡ. ȷəɧɛŬ, ůɡɔəɟɑɜɞɜŰŬɘ ɑɢɜɖ ɛŮ Űɖ ɢɟɐůɖ 

ŬˊɞɟɟɞűɖŰɘəɩɜ ɞɟɑɤɜ əŬɘ ɢɤɟɑɠ, ɧˊɤɠ Ůˊɑůɖɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ əŬɘ ůɢɞɚɘɎɕŮŰŬɘ əŬɘ ɖ 

ŭɘŬűɞɟɎ Űɤɜ. ȹɖɛɘɞɡɟɔɐɗɖəŬɜ Ůˊɘˊɚɏɞɜ ŭɨɞ ŮŰŮɟɞɔŮɜɐ ɛɞɜŰɏɚŬ ɛŮ ŭɨɞ əŬɘ ŰɟɑŬ 

ɞɟɘɕɧɜŰɘŬ ůŰɟɩɛŬŰŬ, ŬɜŰɑůŰɞɘɢŬ. ɆŰŬ ɛɞɜŰɏɚŬ ŬɡŰɎ, ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

Űɤɜ ůɡɜɗŮŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ, ˊɟɞůŭɘɞɟɑɕɞɜŰŬɠ Űɞɡɠ ɢɟɧɜɞɡɠ Űɤɜ ŬˊŮɡɗŮɑŬɠ əŬɘ Űɤɜ 

ŬɜŬəɚɩɛŮɜɤɜ əɡɛɎŰɤɜ.  

 

4.1 ɀɞɜŰɏɚɞ ɞɛɞɘɞɔŮɜɞɨɠ ɛɏůɞɡ 

ɇɞ ˊɟɩŰɞ ůŰɎŭɘɞ Ůɚɏɔɢɞɡ Űɖɠ ɞɟɗɧŰɖŰŬɠ Űɤɜ Ŭɚɔɞɟɑɗɛɤɜ ɐŰŬɜ ɖ ŭɖɛɘɞɡɟɔɑŬ 

Ůɜɧɠ ɛɞɜŰɏɚɞɡ ɛŮ ŭɘŬůŰɎůŮɘɠ (100m x 100m x 100m) ɐ ůŮ ŭɘŬůŰɎůŮɘɠ əɧɛɓɤɜ (51 x 51 

x 51). ɇɞ ɞɛɞɘɞɔŮɜɏɠ ɛɞɜŰɏɚɞ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ ɏɜŬ ɔŮɤɚɞɔɘəɧ ůŰɟɩɛŬ ɛŮ ŰŬɢɨŰɖŰŬ 

ŭɘɎŭɞůɖɠ Űɤɜ Ʌ-əɡɛɎŰɤɜ Vp=3000 m/s əŬɘ ˊɡəɜɧŰɖŰŬ ɟ=2000 kg/m3. ȸɎůɖ Űɤɜ 

ˊŮɟɘɞɟɘůɛɩɜ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɞ ŭŮɨŰŮɟɞ əŮűɎɚŬɘɞ, (ɓɚ. §2.6), ɏɢŮɘ ˊɟɞůŭɘɞɟɘůŰŮɑ 

ɖ ŮɚɎɢɘůŰɖ ɘůŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ əɧɛɓɤɜ (DH) əŬɗɩɠ əŬɘ Űɞ ɢɟɞɜɘəɧ ɓɐɛŬ (dt). Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ əŬɘ ůŰɖ 

ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞɡɠ ɄɑɜŬəŮɠ 4.1 ï 4.3..  

ɄɑɜŬəŬɠ 4. 1: ɄɑɜŬəŬɠ ɛŮ Ŭ́ɟŬɛɏŰɟɞɡɠ ɛɞɜŰɏɚɞɡ  

ɄŬɟɎɛŮŰɟɞɘ ɛɞɜŰɏɚɞɡ  

ȹɘŬůŰɎůŮɘɠ Ȼ x ɉ x Y  (m) [100x100x100] m 

ȹɘŬůŰɎůŮɘɠ Ȼ x ɉ x Y ůŮ əɧɛɓɞɡɠ [51x51x51] grid 

ȽůŬˊɧůŰŬůɖ əɧɛɓɤɜ (DH) 2 m 

ɉɟɞɜɘəɧ ɓɐɛŬ (dt) 0.00025 s 

ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɧɔəɞɡ (Ⱦ) 1.8x10 10 kg/m*s2 

ɇŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ (Vp) 3000 m/s 

ɄɡəɜɧŰɖŰŬ ůŰɟɩɛŬŰɞɠ (ɟ) 2000 kg/m3 
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ɆŰɞ ɆɢɐɛŬ 4. 1 ˊŬɟɞɡůɘɎɕŮŰŬɘ  Űɞ ɞɛɞɘɞɔŮɜɏɠ ɛɞɜŰɏɚɞ əŬɗɩɠ əŬɘ ɖ ɗɏůɖ Űɖɠ 

ˊɖɔɐɠ ɛɏůŬ ůŮ ŬɡŰɧ, ɛŮ əɧəəɘɜɞ ɢɟɩɛŬ, ɖ ɞˊɞɑŬ ɏɢŮɘ əɡɟɑŬɟɢɖ ůɡɢɜɧŰɖŰŬ 100 Hz əŬɘ 

ŭɘɎɟəŮɘŬ 0.0306 s. Ⱥˊɘˊɚɏɞɜ, ůŰɞɜ ɄɑɜŬəŬ 4.2 űŬɑɜɞɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ˊɖɔɐɠ 

əŬɗɩɠ əŬɘ ɖ əɡɛŬŰɞɛɞɟűɐ Űɖɠ, ůŰŬ ŰɏůůŮɟŬ ˊŮŭɑŬ, ŭɖɚŬŭɐ Űɖɠ ɄɑŮůɖɠ (Ps) əŬɘ Űɤɜ 

ŭɘŬɜɡůɛɎŰɤɜ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɞɡɠ ŰɟŮɘɠ ɎɝɞɜŮɠ (Us Vs Ws). ũɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

əŬɘ ˊŬɟɞɡůɑŬůɖ Űɤɜ ůɢɖɛɎŰɤɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ůɢŮŭɘŬůŰɘəɧ ˊɟɧɔɟŬɛɛŬ Sketch 

Up (Free Trial ). 

 

ɆɢɐɛŬ 4. 1: ũŮɤɛŮŰɟɑŬ ɞɛɞɘɞɔŮɜɞɨɠ ɛɞɜŰɏɚɞɡ 

ɄɑɜŬəŬɠ 4. 2: ɄɑɜŬəŬɠ ɛŮ Ŭ́ɟŬɛɏŰɟɞɡɠ Űɖɠ ˊɖɔɐɠ  

ɄŬɟɎɛŮŰɟɞɘ ˊɖɔɐɠ  

Ūɏůɖ (Ȼ, ɉ, Y)  ́ ɖɔɐɠ ůŮ m  [50, 50, 50] m 

Ūɏůɖ (Ȼ, ɉ, Y)  ˊɖɔɐɠ ůŮ əɧɛɓɞɡɠ  [26,26,26] grid 

ȾɡɟɑŬɟɢɖ ɆɡɢɜɧŰɖŰŬ ɖ́ɔɐɠ (Hz) 100 

ȷɟɘɗɛɧɠ ŮəɟɐɝŮɤɜ ɖ́ɔɐɠ  1 

ȾɡɛŬŰɞɛɞɟűɐ ɖ́ɔɐɠ  [Ps Us Vs Ws] 

 

ɆŰɞɜ ɄɑɜŬəŬ 4.3 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Űɤɜ ɔŮɤűɩɜɤɜ əŬɗɩɠ əŬɘ ɖ ŭɘɎŰŬɝɖ Űɞɡɠ ɛɏůŬ ůŰɞ 

ɞɛɞɘɞɔŮɜɏɠ ɛɞɜŰɏɚɞ. ɆɡɜɞɚɘəɎ, ɡˊɎɟɢɞɡɜ ŰɏůůŮɟɘɠ ɔɟŬɛɛɏɠ ɔŮɤűɩɜɤɜ ŰɞˊɞɗŮŰɖɛɏɜŬ ůŰɞ ŮˊɑˊŮŭɞ (ɉ-

Ɉ) Űɖɠ ɖ́ɔɐɠ (Ȼ= 50m) ůŮ ŭɘŬűɞɟŮŰɘəɏɠ əŬŰŮɡɗɨɜůŮɘɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɞ  

ɄɑɜŬəŬɠ 4. 4 ŭŮɑɢɜŮɘ Űɘɠ əŬŰŮɡɗɨɜůŮɘɠ Űɤɜ ɔɟŬɛɛɩɜ Űɤɜ ɔŮɤűɩɜɤɜ ɛɏůŬ ůŰɞ 

ɛɞɜŰɏɚɞ, ɧˊɤɠ əŬɘ Űɘɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ (ůŮ ɛɏŰɟŬ). Ⱥˊɘˊɚɏɞɜ, ɗŬ ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ 

Űɞ ç0:2:100è ŭɖɚɩɜŮɘ: Ŭˊɧ 0m ɛŮ ɓɐɛŬ 2m ɏɤɠ əŬɘ ŰŬ 100m. 

ɄɑɜŬəŬɠ 4. 3: ɄɑɜŬəŬɠ ɛŮ Űɘɠ Ŭ́ɟŬɛɏŰɟɞɡɠ Űɤɜ ɔŮɤűɩɜɤɜ  
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ɄŬɟɎɛŮŰɟɞɘ ɔŮɤűɩɜɤɜ  

ŪɏůŮɘɠ ɔɟŬɛɛɩɜ ɛŮɚɏŰɖɠ m  !Ҧόл0ύ  . ҧόфл0ύ   / ҩόпр0ύ  5ҫόмор0) 

ɉɟɧɜɞɠ əŬŰŬɔɟŬűɐɠ  200 ms 

 

ɄɑɜŬəŬɠ 4. 4: ɄɑɜŬəŬɠ ɔɟŬɛɛɩɜ ɔŮɤűɩɜɤɜ 

ũɟŬɛɛɏɠ 

ɔŮɤűɩɜɤɜ 

Ʉɚɐɗɞɠ 

ũŮɤűɩɜɤɜ 
Z(m) X(m) Y(m) 

ũɟŬɛɛɐ AҦ όл0)   50 50 0:2:100 50 

ũɟŬɛɛɐ B ŷ (900)    50 50 50 0:2:100 

ũɟŬɛɛɐ C ҩ (450)   50 50 0:2:100 0:2:100 

ũɟŬɛɛɐ D ҫ όмор0) 50 50 0:2:100 100: -2:0 

 

ɆŰɞ ɆɢɐɛŬ 4. 2 ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ŭɘɎŰŬɝɖ Űɤɜ ɔŮɤűɩɜɤɜ ˊɎɜɤ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ 

ɖ́ɔɐɠ, Ůɜɩ ɛŮ ɛˊɚŮ ɢɟɩɛŬ űŬɑɜɞɜŰŬɘ ŰŬ ŬˊɞɟɟɞűɖŰɘəɎ ɧɟɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ. ȳˊɤɠ 

ŬɜŬűɏɟɗɖəŮ ˊɟɞɖɔɞɡɛɏɜɤɠ ɡˊɎɟɢɞɡɜ ŰɏůůŮɟɘɠ ɔɟŬɛɛɏɠ ɔŮɤűɩɜɤɜ ůŰɞ ɛɞɜŰɏɚɞ əŬɘ 

ɏɢɞɡɜ ɞɜɞɛŬůŰŮɑ ŬɜŰɑůŰɞɘɢŬ ɔɟŬɛɛɏɠ ɛŮɚɏŰɖɠ ȷ - D (SECTION A ï D).  

 

ɆɢɐɛŬ 4. 2: ȷˊŮɘəɧɜɘůɖ Űɤɜ ɔɟŬɛɛɩɜ ɛŮɚɏŰɖɠ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ ˊɖɔɐɠ. 
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4.2 ȰɚŮɔɢɞɠ ŬəɟɑɓŮɘŬɠ ŬɟɘɗɛɖŰɘəɞɨ ůɢɐɛŬŰɞɠ 

 

ũɘŬ ɜŬ ɛˊɞɟɏůɞɡɜ ɜŬ ŮˊŬɚɖɗŮɡŰɞɨɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɖ ŬəɟɑɓŮɘŬ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ɞɛɞɘɞɔŮɜɞɨɠ ɛɞɜŰɏɚɞɡ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůɨɔəɟɘůɖ Űɖɠ 

ŬɟɘɗɛɖŰɘəɐɠ ɚɨůɖɠ ɛŮ Űɖɜ ŬɜŬɚɡŰɘəɐ ɚɨůɖ ůŰɞ ˊŮŭɑɞ Űɖɠ ˊɑŮůɖɠ. ȷɟɘɗɛɖŰɘəɐ ɚɨůɖ 

ɞɜɞɛɎɕŮŰŬɘ ɖ ɚɨůɖ ˊɞɡ ɏɢŮɘ ˊɟɞəɨɣŮɘ Ŭˊɧ Űɖ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ, Ůɜɩ 

ŬɜŬɚɡŰɘəɐ ɚɨůɖ ɞɜɞɛɎɕŮŰŬɘ ɖ ɚɨůɖ Űɤɜ ŮɝɘůɩůŮɤɜ 3.1 ɛɏɢɟɘ əŬɘ 3.4.   

ȷɟɢɘəɎ ˊɟɞůɞɛɞɘɩɗɖəŬɜ ŰɏůůŮɟɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ əŬɘ ůɡɔəɟɑůŮɘɠ 

ůɢŮŰɘəɎ ɛŮ Űɖɜ ɘůŬˊɧůŰŬůɖ əɎɗŮ əɧɛɓɞɡ (DH). ɄŬɟŬŰɖɟɩɜŰŬɠ Űɖɜ ůɡɜɞɚɘəɐ 

Ŭɝɘɞɚɧɔɖůɖ ɓɎůɖ Űɞɡ ɆɢɐɛŬŰɞɠ 4.3 ɛŮ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɘɠ 

ŭɘŬůŰɎůŮɘɠ ɔɘŬ Dȼ=1.1 ɛɏɢɟɘ əŬɘ DH=2.5, űŬɑɜŮŰŬɘ ɧŰɘ ɖ ŬɟɘɗɛɖŰɘəɐ ɚɨůɖ (Vpr) 

ˊɟɞůŮɔɔɑɕŮɘ Űɖɜ ŬɜŬɚɡŰɘəɐ (Source Ps) ɛŮ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ. ũɘŬ ɜŬ ŮɑɜŬɘ ŮűɘəŰɐ 

ɖ ůɨɔəɟɘůɖ, ůɡɛˊŮɟɘɚɐűɗɖəŮ ɖ ŭɘŬűɞɟɎ Űɤɜ ɚɨůŮɤɜ ɛŮ əɧəəɘɜɖ ɔɟŬɛɛɐ ɛɏůŬ ůŮ əɎɗŮ 

ŭɘɎɔɟŬɛɛŬ.  

  

 

ɆɢɐɛŬ 4. 3: Ɇɨɔəɟɘůɖ ůŰɞ ˊŮŭɑɞ Űɖɠ ˊɑŮůɖɠ Ŭˊɧ Űɖɜ ŬɜŬɚɡŰɘəɐ (Source Ps) əŬɘ Űɖɜ ŬɟɘɗɛɖŰɘəɐ ɚɨůɖ 

(Vpr) ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ɘůŬˊɧůŰŬůɖɠ Űɤɜ əɧɛɓɤɜ Űɞɡ əŬɜɎɓɞɡ (Grid) Űɞɡ ɛɞɜŰɏɚɞɡ. ȼ ůɨɔəɟɘůɖ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ 15ɞ ɔŮɩűɤɜɞ ɛŮ ɗɏůŮɘɠ ůŰɞɡɠ əɧɛɓɞɡɠ (Ȼ,ɉ,Ɉ)= (26, 15, 26). 
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ɆɢɐɛŬ 4. 4: ɆɡɔəŮɜŰɟɤŰɘəɧ ŭɘɎɔɟŬɛɛŬ ůűŬɚɛɎŰɤɜ Ůˊɑ Űɘɠ ŮəŬŰɧ. 

ɆŰɞ ɆɢɐɛŬ 4. 4 ́ ŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ 

əɧɛɓɤɜ (DH), Űɧůɞ ɛŮɔŬɚɨŰŮɟɞ ŮɑɜŬɘ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ŭɘŬűɞɟɎɠ Űɤɜ ůűŬɚɛɎŰɤɜ. ȼ 

ɛŮɔŬɚɨŰŮɟɖ ŭɘŬűɞɟɎ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɖ ɔɟŬɛɛɐ ɔɘŬ Űɞ Grid=2.5, Ůɜɩ ŬɜŰɑůŰɞɘɢŬ ɖ 

ɛɘəɟɧŰŮɟɖ ŭɘŬűɞɟɎ ŮɑɜŬɘ ɖ əɧəəɘɜɖ ɔɟŬɛɛɐ ɛŮ Grid=1.1. ȳɚŮɠ ɞɘ ŭɘŬűɞɟɏɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ ɏɜŬ əɞɘɜɧ ŭɘɎɔɟŬɛɛŬ ɔɘŬ ɜŬ ŮɑɜŬɘ ŮűɘəŰɐ ɖ ůɨɔəɟɘůɖ.  

Ƀ Űɨˊɞɠ 4.1 ́ ɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ˊŬɟɞɡůɑŬůɖ Űɞɡ ůɢɐɛŬŰɞɠ 4.4 ŮɑɜŬɘ: 

ʗ ʙ  ʙ ʞ

ʘ  ʙ ʙ ʞ  
 ρππϷ   (Ůɝ. 4. 1) 

ɀŮ ɓɎůɖ Űɖɜ ˊŬɟŬˊɎɜɤ ŬɜɎɚɡůɖ, ůŰɞ ɞɛɞɘɞɔŮɜɏɠ ɛɞɜŰɏɚɞ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ 

ɖ ŬˊɧůŰŬůɖ DH=2 m ɛŮŰŬɝɨ əɎɗŮ əɧɛɓɞɡ. ȺˊɘˊɟɧůɗŮŰŬ ŮˊɘɚɏɢɗɖəŮ Űɞ ŬɟɘɗɛɖŰɘəɧ 

ůŮɘůɛɘəɧ ɑɢɜɞɠ Űɞɡ 15ɞɡ ɔŮɤűɩɜɞɡ ɛŮ ůɡɜŰŮŰŬɔɛɏɜŮɠ [50 28 50] m ɔɘŬ Űɖ ůɨɔəɟɘůɖ ɛŮ 

Űɖ əɡɛŬŰɞɛɞɟűɐ Űɖɠ ˊɖɔɐɠ (ŬɜŬɚɡŰɘəɐ ɚɨůɖ) ůŰɖɜ ɑŭɘŬ ɗɏůɖ. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ 

ɆɢɐɛŬ 4. 5 ɖ ŬɟɘɗɛɖŰɘəɐ ɚɨůɖ (Vpr) ˊɟɞůŮɔɔɑɕŮɘ Űɖɜ ŬɜŬɚɡŰɘəɐ (Source Ps) ɛŮ 

ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ.  
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ɆɢɐɛŬ 4. 5: Ɇɨɔəɟɘůɖ Űɖɠ ŬɜŬɚɡŰɘəɐɠ (Source Ps) əŬɘ Űɖɜ ŬɟɘɗɛɖŰɘəɐɠ ɚɨůɖɠ (Vpr) ůŰɞ ˊŮŭɑɞ Űɖɠ ˊɑŮůɖɠ 

ɔɘŬ ŭɘɎůŰŬůɖ Űɞɡ əŬɜɎɓɞɡ 2m. 

ɄɏɟŬ Ŭˊɧ Űɞ ˊŮŭɑɞ Űɖɠ ˊɑŮůɖɠ ůŰɞ ɆɢɐɛŬ 4. 6 ɔɑɜŮŰŬɘ ůɨɔəɟɘůɖ əŬɘ ůŰŬ 

ɡˊɧɚɞɘˊŬ ˊŮŭɑŬ Űɤɜ ŭɘŬɜɡůɛɎŰɤɜ Űɖɠ ŰŬɢɨŰɖŰŬɠ ŰŬɚɎɜŰɤůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɔɘŬ Űɞɡɠ 

ɎɝɞɜŮɠ x, y əŬɘ z. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɖɔɐɠ ɞɜɞɛɎɕɞɜŰŬɘ Us, Vs əŬɘ Ws ŬɜŰɑůŰɞɘɢŬ 

ɛŮ Űɞɡɠ ɎɝɞɜŮɠ, Ůɜɩ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ŰŬ ɑɢɜɖ Űɞɡ 20ɞɡ ɔŮɤűɩɜɞɡ U, V əŬɘ W.  

 

ɆɢɐɛŬ 4. 6: Ɇɨɔəɟɘůɖ ɘɢɜɩɜ ůŰɘɠ ŰɟŮɘɠ ůɡɜɘůŰɩůŮɠ Űɤɜ Ŭɝɧɜɤɜ 

Ⱥˊɘˊɚɏɞɜ, ɗŬ ˊɟɏˊŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ ŮɑɜŬɘ ɚɞɔɘəɧ ˊɞɡ ɡˊɎɟɢŮɘ əŬŰŬɔɟŬűɐ U. 

ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ Űɞ ɔŮɩűɤɜɞ ɓɟɑůəŮŰŬɘ ůŰɖɜ ȷ-Űɞɛɐ (A-Section) ɛŮ əŬŰŮɨɗɡɜůɖ 

0ɞ. ɋɠ Ůə ŰɞɨŰɞɡ ɔɑɜŮŰŬɘ əŬŰŬɔɟŬűɐ ɛɧɜɞ Űɖɠ ůɡɜɘůŰɩůŬɠ U ůŰɞɜ ɉ-ɎɝɞɜŬ əŬɘ ɧɢɘ ůŰɘɠ 

ůɡɜɘůŰɩůŮɠ V əŬɘ W (Ɉ əŬɘ Ȼ ɎɝɞɜŮɠ ŬɜŰɑůŰɞɘɢŬ). 
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ũɘŬ ɜŬ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ əŬɘ ɞɘ ɡˊɧɚɞɘˊŮɠ ůɡɜɘůŰɩůŮɠ ŮɑɜŬɘ ɞɟɗɏɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ 

ŬɜŬɚɡŰɘəɏɠ Űɞɡɠ ɚɨůŮɘɠ, ɏɢŮɘ ŮˊɘɚŮɔŮɑ ɏɜŬ ũŮɩűɤɜɞ Ŭˊɧ əɎɗŮ ɔɟŬɛɛɐ ɛŮɚɏŰɖɠ (Section 

A -D) əŬɘ ɏɢŮɘ ůɡɔəɟɘɗŮɑ ɛŮ Űɖɜ ŬɜŬɚɡŰɘəɐ Űɞɡɠ ɚɨůɖ.  

ɄɑɜŬəŬɠ 4. 5: ɆɡɔəɟɑůŮɘɠ ũŮɤűɩɜɤɜ ɛŮ ůɡɜŰŮŰŬɔɛɏɜŮɠ  

ȷɟɘɗɛɧɠ ũŮɤűɩɜɞɡ Ȼ(m) ɉ(m) Ɉ(m) 

ɆɢɐɛŬ 4. 7 20 (0ɞ) 50 38 50 

ɆɢɐɛŬ 4. 8 71 (90ɞ) 50 50 38 

ɆɢɐɛŬ 4. 9 122 (45ɞ) 50 38 38 

ɆɢɐɛŬ 4. 10 185 (135ɞ) 50 62 38 

 

ɄŬɟŬŰɖɟɩɜŰŬɠ əŬɘ Űɘɠ ŰɏůůŮɟɘɠ ŮɘəɧɜŮɠ űŬɑɜŮŰŬɘ ɧŰɘ ɞɘ ɚɨůŮɘɠ ůŰŬ ˊŮŭɑŬ Űɖɠ 

ɑ́Ůůɖɠ əŬɗɩɠ əŬɘ ŰŬ ŭɘŬɜɨůɛŬŰŬ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ ŮˊŬɚɖɗŮɨɞɜŰŬɘ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ: 

¶ ũɘŬ Űɞ 20ɞ ɔŮɩűɤɜɞ ɖ əŬŰŬɔɟŬűɐ ɡˊɎɟɢŮɘ ɛɧɜɞ ůŰɞ ŭɘɎɜɡůɛŬ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ 

Űɞɜ ɎɝɞɜŬ Űɤɜ ɉ əŬɘ ɧɢɘ ůŰɞɡɠ Ɉ əŬɘ Ȼ, Ůűɧůɞɜ ɖ ɔɟŬɛɛɐ ɛŮɚɏŰɖɠ A ɓɟɑůəŮŰŬɘ 

ůŰɘɠ 0ɞ. 

 

¶ ũɘŬ Űɞ 71ɞ ɔŮɩűɤɜɞ ɖ əŬŰŬɔɟŬűɐ ɡˊɎɟɢŮɘ ɛɧɜɞ ůŰɞ ŭɘɎɜɡůɛŬ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ 

Űɞɜ ɎɝɞɜŬ Űɤɜ Ɉ əŬɘ ɧɢɘ ůŰɞɡɠ ɉ əŬɘ Ȼ, Ůűɧůɞɜ ɖ ɔɟŬɛɛɐ ɛŮɚɏŰɖɠ ȸ ɓɟɑůəŮŰŬɘ ůŰɘɠ 

90ɞ. 

 

¶ ũɘŬ Űɞ 122ɞ ɔŮɩűɤɜɞ ɖ əŬŰŬɔɟŬűɐ ɡˊɎɟɢŮɘ ůŰɞ ŭɘŬɜɨůɛŬŰŬ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ 

Ŭɝɧɜɤɜ ɉ əŬɘ Ɉ əŬɘ ɧɢɘ ůŰɞ Ȼ, Ůűɧůɞɜ ɖ ɔɟŬɛɛɐ ɛŮɚɏŰɖɠ C ɓɟɑůəŮŰŬɘ ůŰɘɠ 45ɞ. 

 

¶ ũɘŬ Űɞ 185ɞ ɔŮɩűɤɜɞ ɖ əŬŰŬɔɟŬűɐ ɡˊɎɟɢŮɘ ůŰɞ ŭɘɎɜɡůɛŬ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ůŰɞɡɠ 

ɎɝɞɜŮɠ Űɤɜ ɉ əŬɘ Ɉ əŬɘ ɧɢɘ Ȼ, Ůűɧůɞɜ ɖ ɔɟŬɛɛɐ ɛŮɚɏŰɖɠ D ɓɟɑůəŮŰŬɘ ůŰɘɠ 135ɞ. 
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ɆɢɐɛŬ 4. 7: ũŮɩűɤɜɞ 20 [50 38 50]m 

 

 

ɆɢɐɛŬ 4. 8: ũŮɩűɤɜɞ 71 [50 50 38]m 

 

 

ɆɢɐɛŬ 4. 9: ũŮɩűɤɜɞ 122 [50 38 38]m 

 

ɆɢɐɛŬ 4. 10: ũŮɩűɤɜɞ 185[50 62 38]m 




























































































