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ȺɡɢŬɟɘůŰɑŮɠ 

 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ əŬɗɖɔɖŰɐ əɨɟɘɞ ȾɤɜůŰŬɜŰɑɜɞ ȷɜɡűŬɜŰɐ ɔɘŬ Űɖɜ ŮɡəŬɘɟɑŬ ˊɞɡ ɛɞɡ 

ɏŭɤůŮ  ɔɘŬ Űɖɜ Ůəˊɧɜɖůɖ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ɛŮɚɏŰɖɠ əŬɘ Űɖɜ əŬɗɞŭɐɔɖůɖ ɏɤɠ ŭɘŮəˊŮɟŬɑɤůɖɠ Űɖɠ 

əŬɗɩɠ əŬɘ Űɞɜ ɡˊɞɣɐűɘɞ ŭɘŭɎəŰɞɟŬ əɨɟɘɞ ɁɘəɧɚŬ Ɇɘɚɘɩɜɖ ɔɘŬ Űɘɠ ůɡɛɓɞɡɚɏɠ Űɞɡ Ůˊɑ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ 

ŰŮɢɜɘəɩɜ ɕɖŰɖɛɎŰɤɜ. ȼ ˊŬɟŬɢɩɟɖůɖ Űɞɡɠ ɔɘŬ ɢɟɐůɖ ɡˊɞɚɞɔɘůŰɐ ɐŰŬɜ əŬɗɞɟɘůŰɘəɐ ɔɘŬ Űɖɜ 

ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜɎɚɡůɖɠ, ɚɧɔɤ Űɖɠ ŬˊŬɑŰɖůɖɠ ůŮ ɡˊɞɚɞɔɘůŰɘəɐ ɘůɢɨ. Ⱥˊɑůɖɠ, ɗɏɚɤ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɞ ɜŬɡˊɖɔɘəɧ ɔɟŬűŮɑɞ Shipinvestigation ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ ůɢŮŭɑɤɜ Űɞɡ 

ŮˊɘɓŬŰɘəɞɨ ůəɎűɞɡɠ əŬɘ ɘŭɘŬɑŰŮɟŬ Űɞɜ əɨɟɘɞ ȷɜŰɩɜɖ ȹŮɚɖŭɖɛɐŰɟɖ ɔɘŬ Űɖɜ ůɡɔəŬŰɎɗŮůɖ ɢɟɐůɖɠ Űɞɡɠ 

ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ əŬɘ ŬɜɎɚɡůɖ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ. ɇɏɚɞɠ, 

ŮɡɢŬɟɘůŰɩ Űɖɜ əɡɟɑŬ ŪŮɞŭɩɟŬ ūɟŬɔəɞˊɞɨɚɞɡ ɔɘŬ Űɖɜ ůɡɜŮɢɐ ɡˊɞůŰɐɟɘɝɖ əŬɗȭ ɧɚɖ Űɖɜ ŭɘɎɟəŮɘŬ 

Űɤɜ ůˊɞɡŭɩɜ ɛɞɡ. 
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ɄȺɅȽȿȼɊȼ 

 

ȷɡɝŬɜɧɛŮɜɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ɖ ŬɜɎɔəɖ ˊɟɞɠ Űɖɜ ŬɜɎˊŰɡɝɖ Űɖɠ ɣɖűɘŬəɐɠ ŬɜŬˊŬɟɎůŰŬůɖɠ Űɖɠ ɔɎůŰɟŬɠ 

Ůɜɧɠ ůəɎűɞɡɠ, ˊɞɡ ŮɝɡˊɖɟŮŰŮɑ Űɞɜ ůəɞˊɧ Űɖɠ əŬŰŬůəŮɡɐɠ Ůɜɧɠ ŭɞɛɘəɞɨ ɣɖűɘŬəɞɨ ŭɘŭɨɛɞɡ Űɞ ɞˊɞɑɞ 

ɗŬ ůɡɜɞŭŮɨŮɘ Űɞ ˊɚɞɑɞ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɞɡ. ɆɐɛŮɟŬ ŭɑɜŮŰŬɘ ɖ Ůˊɘɚɞɔɐ ɢɟɐůɖɠ ˊɚɖɗɩɟŬɠ 

ɚɞɔɘůɛɘəɩɜ ˊɞɡ ˊɟɞůűɏɟɞɡɜ Ŭɛɘɔɩɠ ůɢŮŭɑŬůɖ ɛŮ ɢɟɐůɖ ɡˊɞɚɞɔɘůŰɐ (CAD) ɐ ŬɡŰɧ ŮɜůɤɛŬŰɩɜŮŰŬɘ 

ůŮ ˊɚŬŰűɧɟɛŬ ɛɖɢŬɜɘəɐɠ ɛŮ ɢɟɐůɖ ɡˊɞɚɞɔɘůŰɐ (CAE) ˊɞɡ ŮəŰŮɚŮɑ ŮɝŮɚɘɔɛɏɜŮɠ ŬɟɘɗɛɖŰɘəɏɠ 

ˊɟɞůɞɛɞɘɩůŮɘɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬɘ Ŭˊɧəɟɘůɖɠ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ Űɞɡ ˊɚɞɑɞɡ. ɄŬɟɏɢŮŰŬɘ ɏŰůɘ 

ɖ ŭɡɜŬŰɧŰɖŰŬ ŮɨɟŮůɖɠ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɤɜ ɚɨůŮɤɜ əɧůŰɞɡɠ əŬŰŬůəŮɡɐɠ əŬɘ Ŭˊɧŭɞůɖɠ, 

ŭɘŬůűŬɚɑɕɞɜŰŬɠ Űɖɜ ŬɝɘɞˊɘůŰɑŬ əŬɘ Űɖɜ ŬůűɎɚŮɘŬ. ɀɑŬ Ŭˊɧ Űɘɠ ŬɟŮŰɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ŭɞɛɘəɧ 

ɣɖűɘŬəɧ ŭɑŭɡɛɞ, ŮɑɜŬɘ ɖ ɘəŬɜɧŰɖŰɎ Űɞɡ ɜŬ ˊŬɟɏɢŮɘ Űɖɜ əŬŰɎůŰŬůɖ əŬŰŬˊɧɜɖůɖɠ Űɞɡ ůəɎűɞɡɠ ɔɘŬ ɏɜŬ 

ŭŮŭɞɛɏɜɞ ůɨɜɞɚɞ űɞɟŰɑůŮɤɜ. ȼ ɛɏɗɞŭɞɠ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮˊɘŰɟɏˊŮɘ ˊɘɞ ɚŮˊŰɞɛŮɟŮɑɠ əŬɘ 

ŬəɟɘɓŮɑɠ əŬŰŬɜɞɛɏɠ ŰɎůŮɤɜ ůŮ ůɨɜɗŮŰŮɠ əŬŰŬůəŮɡɏɠ ɧˊɤɠ ŰŬ ˊɚɞɑŬ, ɏɜŬɜŰɘ Űɤɜ ˊŮɟɘɔɟŬűɘəɩɜ 

əŬɜɞɜɘůɛɩɜ Űɤɜ ɜɖɞɔɜɤɛɧɜɤɜ ɔɘŬ Űɘɠ ŭɘŬůŰŬůɘɞɚɞɔɘəɏɠ ŬˊŬɘŰɐůŮɘɠ ˊɞɡ ŮɜŭɏɢŮŰŬɘ ɜŬ ɞŭɖɔɞɨɜ ůŮ 

ůɡɜŰɖɟɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. ȼ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŬɜŬŭŮɘəɜɨŮɘ Űɘɠ ˊɟɞəɚɐůŮɘɠ ˊɞɡ ůɡɜŬɜŰɐɗɖəŬɜ 

əŬŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ ŬɜɎˊŰɡɝɖɠ Ůɜɧɠ ŰɏŰɞɘɞɡ ŬˊŬɘŰɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ. ȼ ŮɝŮŰŬɕɧɛŮɜɖ ˊŮɟɑˊŰɤůɖ 

ŬűɞɟɎ ɏɜŬ Ŭɚɞɡɛɘɜɏɜɘɞ ŮˊɘɓŬŰɖɔɧ ůəɎűɞɠ ɛŮ ɞɚɘəɧ ɛɐəɞɠ 16.5 m, ˊɚɎŰɞɠ 5.352 m əŬɘ ɓɎɗɞɠ 2.5 m. 

ȼ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞɜ Ŭɟɢɘəɧ ŰɟɘůŭɘɎůŰŬŰɞ ůɢŮŭɘŬůɛɧ Űɖɠ ɛŮŰŬɚɚɘəɐɠ əŬŰŬůəŮɡɐɠ ůŰɞ 

CAD ˊɟɧɔɟŬɛɛŬ Rhinoceros. ɇŬ ŮɜɘůɢɡŰɘəɎ ŮˊɘɚɏɢɗɖəŮ ɜŬ ɛɞɜŰŮɚɞˊɞɘɖɗɞɨɜ ɛŮ ůŰɞɘɢŮɑŬ ŭɞəɞɨ əŬɘ 

ŰŬ ŮɚɎůɛŬŰŬ ɛŮ ůŰɞɘɢŮɑŬ əŮɚɨűɞɡɠ əɘ ɏŰůɘ ɖ ɔŮɤɛŮŰɟɑŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɔɟŬɛɛɏɠ əŬɘ ˊŮɟɘɞɢɏɠ. ȼ 

ˊŮɟŬɘŰɏɟɤ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ ɚɞɔɘůɛɘəɧ ˊŬəɏŰɞ Ansys Spaceclaim, ɧˊɞɡ 

ɞɟɑůŰɖəŮ Űɞ ɡɚɘəɧ, Űɞ ́Ɏɢɞɠ ŮɚŬůɛɎŰɤɜ əŬɘ ɞɘ ŭɘŬŰɞɛɏɠ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ əŬɘ ŮűŬɟɛɧůŰɖəŬɜ ůŰɖ 

ɔŮɤɛŮŰɟɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ. ɋɠ ɡɚɘəɧ ŮˊɘɚɏɢɗɖəŮ Űɞ Ŭɚɞɡɛɑɜɘɞ 6082 ɇ6 ɚɧɔɤ Űɞɡ ɛŮɘɤɛɏɜɞɡ ɓɎɟɞɡɠ 

ˊɞɡ ˊŬɟɏɢŮɘ ůŰɖɜ əŬŰŬůəŮɡɐ, Űɖɠ ɡɣɖɚɐɠ ŬɜŰɑůŰŬůɖɠ ůŮ ŭɘɎɓɟɤůɖ əŬɘ Űɖɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ, ˊɞɡ 

ɞŭɖɔɞɨɜ ůŮ ɛŮɑɤůɖ Űɞɡ əɧůŰɞɡɠ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ Űɖɜ ŮɡəɞɚɑŬ ůŮ ŭɘŬɛɧɟűɤůɖ, ůɡɔəɧɚɚɖůɖ əŬɘ 

ɛɖɢŬɜɞɡɟɔɘəɐ əŬŰŮɟɔŬůɑŬ ɎɟŬ ůŮ ɛŮɑɤůɖ Űɞɡ əɧůŰɞɡɠ əŬŰŬůəŮɡɐɠ. ȼ ́ɟɞůɞɛɞɑɤůɖ ˊŮˊŮɟŬůɛɏɜɤɜ 

ůŰɞɘɢŮɑɤɜ ɡɣɖɚɐɠ ˊɘůŰɧŰɖŰŬɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ Ansys Mechanical, ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ 

ůɡɔəŮəɟɘɛɏɜɤɜ ŭɟɎůŮɤɜ (ˊɘɏůŮɤɜ əŬɘ űɞɟŰɑɤɜ)  əŬɘ ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ. ȼ ůŰɟŬŰɖɔɘəɐ 

ɛɞɜŰŮɚɞˊɞɑɖůɖɠ əŬɘ ɞɘ ůɢŮŰɘəɏɠ ɚŮˊŰɞɛɏɟŮɘŮɠ, ɧˊɤɠ ɖ Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ 

ŮɘŭɘəɧŰŮɟŬ ɞ ɞɟɘůɛɧɠ Űɤɜ əɟɘŰɖɟɑɤɜ Ŭˊɞŭɞɢɐɠ ɤɠ ˊɟɞɠ ŰŬ ŮˊɘŰɟŮˊɧɛŮɜŬ ɧɟɘŬ ŰɎůŮɤɜ, ˊɟɞəɨˊŰɞɡɜ 
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ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɧŰɡˊŬ Űɞɡ ɜɞɟɓɖɔɘəɞɨ ɜɖɞɔɜɩɛɞɜŬ DNV (DNV 2021). ȼ ŮɟɔŬůɑŬ ɐŰŬɜ ŬˊŬɘŰɖŰɘəɐ 

ŭŮŭɞɛɏɜɖɠ Űɖɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ Űɖɠ ŭɞɛɐɠ Űɞɡ ůəɎűɞɡɠ. ɆŰɞɜ ˊɑɜŬəŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ŬˊŬɘŰɞɨɛŮɜɞɠ 

ɢɟɧɜɞɠ ŬɜɎ ŭɘŮɟɔŬůɑŬ ɤɠ ˊɞůɞůŰɧ Űɞɡ ůɡɜɞɚɘəɞɨ ɢɟɧɜɞɡ. 
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ABSTRACT 

 

ȷ large impulse is shown towards the development of a digital representation of the hull that will 

serve the purpose of constructing a structural digital twin and will eventually accompany the vessel 

through its lifetime. Nowadays, there does exist a variety of software that offer standalone computer 

aided design (CAD) or embedded within software that perform sophisticated numerical simulations 

of the behavior and response of the hull structure, termed as computer aided engineering (CAE). It is 

thus possible to achieve optimized solutions of construction cost and performance, ensuring reliability 

and safety. One of the virtues exhibited by the structural digital twin, is its ability to provide the hullôs 

stress state for a given set of actions. The finite element method provides more detailed and more 

accurate stress distributions over complex ship structures, compared to the prescriptive class rules 

used for scantling purposes, which may lead at rather conservative results. This work showcases the 

challenges encountered during the development of such a demanding model. The selected case study 

refers to an aluminum passenger vessel with particulars of 16.5 m length overall, 5.3 m breadth and 

2.5 m depth. The process involves the initial 3D design of the metallic structure in the Rhinoceros 

CAD program. The stiffeners are decided to be modeled with beam elements and the platings with 

shell elements and as such the geometry consisted of lines and areas.  Further pre-processing was 

performed in the ANSYS Spaceclaim module, where material, plate thickness and beam sections were 

applied to the geometry of the model. Regarding the material, aluminum 6082 T6 was selected, due 

to the reduced weight applied to the construction, the high corrosion resistance and strength resulting 

in reduced operational costs and ease of forming, welding and machining, implying reduced 

construction cost. The high-fidelity finite element simulation was carried out in ANSYS Mechanical, 

under the application of specific actions (pressure and local loads) and boundary conditions. The 

modeling strategy and related details, e.g. evaluation of the results and in particular the definition of 

the acceptance criteria with respect to the allowable stress limits, were derived in accordance with the 

guidelines of the Norwegian classification society DNV (DNV 2021). The task was laborious given 

the complexity of the hull structure. Table 1 presents the required time per involved process presented 

as a fraction of the total time.  

 

 

Table XIV . Time distribution for performing the shipôs simulation. 

 

 

Process Time proportion (%) 

CAD 27 

FE Pre-processing 49 

Solution 24 
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ȺȽɆȷũɋũȼ 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŮˊɘŰɟɞˊɐ Űɤɜ ȺɡɟɤˊŬɥəɩɜ ȾɞɘɜɞŰɐŰɤɜ, ɤɠ ɜŬɡŰɘɚɑŬ ɛɘəɟɩɜ ŬˊɞůŰɎůŮɤɜ 

ɞɟɑɕŮŰŬɘ ɖ çȹɘŬəɑɜɖůɖ űɞɟŰɑɞɡ əŬɘ ŮˊɘɓŬŰɩɜ ɛɏůɤ ɗŬɚɎůůɖɠ ɛŮŰŬɝɨ ɚɘɛɏɜɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ 

ɔŮɤɔɟŬűɘəɎ ɧɟɘŬ Űɖɠ Ⱥɡɟɩˊɖɠ ɐ ɛŮŰŬɝɨ ŬɡŰɩɜ Űɤɜ ɚɘɛɏɜɤɜ əŬɘ Űɤɜ ɚɘɛɏɜɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ 

ɛɖ ŮɡɟɤˊŬɥəɏɠ ɢɩɟŮɠ ɛŮ ŬəŰɏɠ ůŰɘɠ ɛŮůɧɔŮɘŮɠ ɗɎɚŬůůŮɠ ůŰŬ ůɨɜɞɟŬ Űɖɠ Ⱥɡɟɩˊɖɠè.(1) 

ɄŮɟɘɚŬɛɓɎɜɞɡɜ ŮůɤŰŮɟɘəɏɠ əŬɘ ŭɘŮɗɜŮɑɠ ɜŬɡŰɘɚɘŬəɏɠ ɡˊɖɟŮůɑŮɠ, əŬŰɎ ɛɐəɞɠ Űɤɜ ŬəŰɩɜ əŬɗɩɠ əŬɘ 

Ŭˊɧ əŬɘ ˊɟɞɠ ŰŬ ɜɖůɘɎ, Űɞɡɠ ˊɞŰŬɛɞɨɠ əŬɘ Űɘɠ ɚɑɛɜŮɠ. ɆɨɛűɤɜŬ ɛŮ ůŰɞɘɢŮɑŬ Űɖɠ Eurostat, ɖ ɜŬɡŰɘɚɑŬ 

ɛɘəɟɩɜ ŬˊɞůŰɎůŮɤɜ ŬˊɞŰŮɚŮɑ Űɞ 60% Űɞɡ ůɡɜɧɚɞɡ Űɤɜ ɗŬɚɎůůɘɤɜ ɛŮŰŬűɞɟɩɜ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ 

ɛŮŰŬűɞɟɏɠ ůɡɛɓŬɑɜɞɡɜ ůŰɖɜ ɀŮůɧɔŮɘɞ ɗɎɚŬůůŬ, ŬəɞɚɞɡɗŮɑ ɖ ȸɧɟŮɘŬ ɗɎɚŬůůŬ əŬɘ ɖ ȸŬɚŰɘəɐ. ɇŬ 

ˊɚɞɑŬ ˊŬɟɏɢɞɡɜ ŮɡŮɚɘɝɑŬ, ˊŮɟɘůůɧŰŮɟŮɠ Ůˊɘɚɞɔɏɠ ŭɟɞɛɞɚɧɔɖůɖɠ, ŮɚŬɢɘůŰɞˊɞɑɖůɖ ŬˊɧůŰŬůɖɠ, 

Ŭˊɞůɡɛűɧɟɖůɖ ɞŭɘəɩɜ ŬɟŰɖɟɘɩɜ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ Űɞ 2019 ɛŮŰŬűɏɟɗɖəŬɜ ůŰɖɜ Ⱥɡɟɩˊɖ 

419 ŮəŬŰɞɛɛɨɟɘŬ ŮˊɘɓɎŰŮɠ, ɛŮ Űɞ 38.5% Ůɝ ŬɡŰɩɜ ɜŬ ŬɜŬɚɞɔɞɨɜ ůŮ ȽŰŬɚɑŬ əŬɘ ȺɚɚɎŭŬ ɛŮ 86.5 əŬɘ 

73.9 ŮəŬŰɞɛɛɨɟɘŬ ŬɜŰɘůŰɞɑɢɤɠ.(2) ȼ ɜŬɡŰɘɚɑŬ ɛɘəɟɩɜ ŬˊɞůŰɎůŮɤɜ ˊŬɟɏɢŮɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ 

ůɡɜŭɡŬůɛɏɜɖɠ ɛŮŰŬűɞɟɎɠ ˊɞɚɘŰɩɜ əŬɘ ŬɔŬɗɩɜ ñdoor to doorò. ɄɟɞůűɏɟŮɘ ɓŮɚŰɑɤůɖ 

ůɡɜŭŮůɘɛɧŰɖŰŬɠ əŬɘ ŬɜɎˊŰɡɝɖ Ŭˊɞɛɞɜɤɛɏɜɤɜ ɜɖůɘɤŰɘəɩɜ əŬɘ ˊŮɟɘűŮɟŮɘŬəɩɜ ˊŮɟɘɞɢɩɜ. 

ũɘŬ Űɖɜ əɎɚɡɣɖ Űɤɜ Ɏɜɤ ŬɜŬɔəɩɜ Ŭˊɧ Űɞ ɜŬɡˊɖɔɘəɧ əŬŰŬůəŮɡŬůŰɘəɧ ŰɞɛɏŬ ɔɑɜŮŰŬɘ ɖ ˊɟɞůˊɎɗŮɘŬ 

ŮˊɑŰŮɡɝɖɠ ɚɨůŮɤɜ ɢŬɛɖɚɧŰŮɟɞɡ əɧůŰɞɡɠ əŬɘ ɡɣɖɚɧŰŮɟɖɠ ɓɘɤůɘɛɧŰɖŰŬɠ. ɄŬɟɎɔɞɜŰŮɠ ɧˊɤɠ ɖ 

Ŭˊɧŭɞůɖ, ɞɘ Ůəˊɞɛˊɏɠ əŬɡůŬŮɟɑɤɜ, ɖ əŬŰŬɜɎɚɤůɖ əŬɡůɑɛɞɡ əŬɘ ɖ ŬˊŬɑŰɖůɖ ůŮ ɘůɢɨ Ůɜɧɠ ˊɚɞɑɞɡ 

ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɞ ɓɎɟɞɠ Űɞɡ. ȼ ɛŮɑɤůɖ Űɞɡ ɓɎɟɞɡɠ ůɡɜŮˊɎɔŮŰŬɘ ɛŮɑɤůɖ Űɤɜ ɚŮɘŰɞɡɟɔɘəɩɜ 

Ůɝɧŭɤɜ əŬɘ ˊɘɗŬɜɩɠ Űɞɡ əɧůŰɞɡɠ əŬŰŬůəŮɡɐɠ. ɄŬɟɏɢŮŰŬɘ ɏŰůɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮɔŬɚɨŰŮɟɖɠ 

ɛŮŰŬűɞɟɘəɐɠ ɘəŬɜɧŰɖŰŬɠ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ Ůɛˊɞɟɘəɐ ŮəɛŮŰɎɚɚŮɡůɖ. Ⱥˊɑůɖɠ ɖ ɛŮɑɤůɖ Űɖɠ 

ŬɜŰɑůŰŬůɖɠ Űɖɠ ɔɎůŰɟŬɠ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ əŬɘ ɛŮɑɤůɖ Űɖɠ əŬŰŬɜɎɚɤůɖɠ ŮɜɏɟɔŮɘŬɠ. 

ɇŬ ŭɘŬűɞɟŮŰɘəɎ ɡɚɘəɎ ɏɢɞɡɜ əŬɘ ŬɜŰɑůŰɞɘɢɞ ŬɜŰɑəŰɡˊɞ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ 

əɨəɚɞɡ ɕɤɐɠ Űɞɡɠ Ŭˊɧ Űɖɜ ˊŬɟŬɔɤɔɐ, Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ, Űɖɜ ɢɟɐůɖ əŬɘ Űɖɜ Ŭˊɧɟɟɘɣɖ ɐ 

ŬɜŬəɨəɚɤůɖ Űɞɡɠ. 

ȼ ŭɞɛɐ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ɢɤɟɑɕŮŰŬɘ ůŮ ŰɟɑŬ əŮűɎɚŬɘŬ. ɆŰɞ əŮűɎɚŬɘɞ 1 ŭɘŮɟŮɡɜɩɜŰŬɘ ŰŬ 

ŭɘŬɗɏůɘɛŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ əŬɘ ɞɘ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. ȺˊɘɚɏɢɗɖəŮ Űɞ Ŭɚɞɡɛɑɜɘɞ əŬŰɎ Űɖɜ ŬɜɎɚɡůɖ 

Űɖɠ əŬŰŬůəŮɡɐɠ ɚɧɔɤ Űɞɡ ɛŮɘɤɛɏɜɞɡ ɓɎɟɞɡɠ ˊɞɡ ŭɘŬɗɏŰŮɘ, Űɞ ɞˊɞɑɞ ŮˊɘűɏɟŮɘ əŬɚɨŰŮɟŮɠ ŮˊɘŭɧůŮɘɠ 

əŬɘ ɢŬɛɖɚɧŰŮɟɖ əŬŰŬɜɎɚɤůɖ ŮɜɏɟɔŮɘŬɠ, ɚɧɔɤ Űɖɠ ŬɜɗŮəŰɘəɧŰɖŰŬɠ ůŮ ŭɘɎɓɟɤůɖ əŬɘ Űɖɜ ɡɣɖɚɐ 

ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ, ɎɟŬ Űɞɡ ɛŮɘɤɛɏɜɞɡ əɧůŰɞɡɠ ůɡɜŰɐɟɖůɖɠ əŬɘ ɚŮɘŰɞɡɟɔɑŬɠ. 



 

 

2 ǬȄȓȀȏȓȔȖȈȀȉǽ ȄȐȂȀȒǾȀ ǰȄȐȈȉȊǽ ǭȓȀȎȔȊǻȐȆ  

 

ɆŰɞ əŮűɎɚŬɘɞ 2 ŬɜŬˊŰɨůůŮŰŬɘ ɖ ɓŬůɘəɐ ɗŮɤɟɑŬ Űɖɠ ɛŮɗɧŭɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ əŬɘ 

ŮɝŮŰɎɕŮŰŬɘ ɖ ɢɟɐůɖ Űɖɠ ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɧŰɡˊŬ Űɞɡ ɜɞɟɓɖɔɘəɞɨ ɜɖɞɔɜɩɛɞɜŬ DNV, ɔɘŬ Űɖɜ 

ŭɘŬɛɧɟűɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ ůəɎűɞɡɠ, Űɖɜ Ůˊɘɓɞɚɐ ůŰŬŰɘəɩɜ űɞɟŰɑɤɜ əŬɘ ůɡɜɞɟɘŬəɩɜ 

ůɡɜɗɖəɩɜ əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ŰŬ əɟɘŰɐɟɘŬ ŬɜɎɚɡůɖɠ əŬɘ Ŭˊɞŭɞɢɐɠ.  

ɆŰɞ əŮűɎɚŬɘɞ 3 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ŮűŬɟɛɞɔɐɠ, ɛŮ Űɖɜ Ŭɟɢɘəɐ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ 

ɛŮŰŬɚɚɘəɐɠ əŬŰŬůəŮɡɐɠ Ŭˊɧ Űɖɜ ɔɎůŰɟŬ ɏɤɠ Űɞ əɡɟɑɤɠ əŬŰɎůŰɟɤɛŬ ůŰɞ ůɢŮŭɘŬůŰɘəɧ ˊɟɧɔɟŬɛɛŬ 

Rhinoceros, əŬɘ Űɖɜ ˊŮɟŮŰŬɑɟɤ ŮˊŮɝŮɟɔŬůɑŬ ůŰɞ ɚɞɔɘůɛɘəɧ ŬɜɎɚɡůɖɠ Ansys. ɃɟɑɕɞɜŰŬɘ ɞɘ 

ŭɘŬŰɞɛɏɠ əŬɘ ŰŬ ˊɎɢɖ Űɤɜ ɛŮɚɩɜ, ŮűŬɟɛɧɕŮŰŬɘ ɤɠ ɡɚɘəɧ Űɞ Ŭɚɞɡɛɑɜɘɞ 6082 ɇ6, Űɞ ɛɞɜŰɏɚɞ 

ŭɘŬəɟɘŰɞˊɞɘŮɑŰŬɘ ůŮ ˊɚɏɔɛŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ŮűŬɟɛɧɕɞɜŰŬɘ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ əŬɘ ŰŬ 

ŮəŰɘɛɩɛŮɜŬ ůŰŬŰɘəɎ űɞɟŰɑŬ. ɄŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ əŬɘ ŮɚɏɔɢɞɜŰŬɘ ɤɠ 

ˊɟɞɠ Űɖɜ ŬɜŰɞɢɐ ůɨɛűɤɜŬ ɛŮ ŰŬ ŮˊɘŰɟŮˊɧɛŮɜŬ ɧɟɘŬ ŰɎůŮɤɜ. 

 

1. ɇɃ ȷȿɃɈɀȽɁȽɃ ȾȷȽ ɃȽ ȽȹȽɃɇȼɇȺɆ ɇɃɈ 

ɄŬɟŬŭɞůɘŬəɎ ůŰɘɠ ɜŬɡˊɖɔɘəɏɠ əŬŰŬůəŮɡɏɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɞ ɢɎɚɡɓŬɠ, Ůɜɩ ŬɡɝɎɜŮŰŬɘ ɖ ɢɟɐůɖ 

Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ əŬɘ Űɤɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ Űɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ. ɇŬ ůɨɜɗŮŰŬ ɡɚɘəɎ ɏɢɞɡɜ 

ŬˊɞŭŮɘɢɗŮɑ ˊɞɚɨ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ůŰɖ ɛŮɑɤůɖ ɓɎɟɞɡɠ əŬɘ Űɖɜ ɡɣɖɚɐ ŬɜŰɞɢɐ, ɧɛɤɠ ɏɢɞɡɜ Űɞ 

ɛŮɘɞɜɏəŰɖɛŬ Űɞɡ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨ ŬˊɞŰɡˊɩɛŬŰɞɠ əŬŰɎ Űɞɜ əɨəɚɞ ɕɤɐɠ Űɞɡɠ. ɇɞ Ŭɚɞɡɛɑɜɘɞ ŮɑɜŬɘ 

Űɞ ŰɟɑŰɞ ˊɘɞ əɞɘɜɧ ůŰɞɘɢŮɑɞ ˊɞɡ ɡˊɎɟɢŮɘ ůŰɞɜ űɚɞɘɧ Űɖɠ ɔɖɠ əŬɘ ɛˊɞɟŮɑ ɜŬ ŬɜŬəɡəɚɤɗŮɑ ɢɤɟɑɠ 

ˊɞɘɞŰɘəɐ ɡˊɞɓɎɗɛɘůɖ. ȼ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŬɜŬəɨəɚɤůɐ Űɞɡ ŮɑɜŬɘ 5% ŮəŮɑɜɖɠ ˊɞɡ 

əŬŰŬɜŬɚɩɜŮŰŬɘ ůŰɖɜ Ŭɟɢɘəɐ Űɞɡ ˊŬɟŬɔɤɔɐ, ɛŮ Űɞ 85% Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ 

əŬŰŬůəŮɡɏɠ ůŰɖɜ Ⱥɡɟɩˊɖ ɜŬ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ŬɜŬəɨəɚɤůɐ Űɞɡ. 

ɆɨɛűɤɜŬ ɛŮ Űɞɜ DNVGL-CG-0127 Sec.1, 1.4(3), ɞɘ Űɡˊɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɡɚɘəɩɜ ŭɑɜɞɜŰŬɘ ůŰɞɜ 

ɄɑɜŬəŬɠ I. 

ɄɑɜŬəŬɠ I: ȽŭɘɧŰɖŰŮɠ ɡɚɘəɩɜ 

Ɉɚɘəɧ ɀɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Young 

[ kN/m2] 

ȿɧɔɞɠ Poisson ɀɏŰɟɞ ŭɘɎŰɛɖůɖɠ 

[ kN/m2] 

ɄɡəɜɧŰɖŰŬ 

[t/m3] 

ɉɎɚɡɓŬɠ 2,06 * 108 0,30 0,792 * 108 7,80 

ȷɚɞɡɛɑɜɘɞ 0,70 * 108 0,33 0,236 * 108 2,75 

 

 



 

 

3 ǬȄȓȀȏȓȔȖȈȀȉǽ ȄȐȂȀȒǾȀ ǰȄȐȈȉȊǽ ǭȓȀȎȔȊǻȐȆ  

 

ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ Űɞ Ŭɚɞɡɛɑɜɘɞ ŮɑɜŬɘ ŮɚŬűɟɨŰŮɟɞ, ɛŮ ˊɡəɜɧŰɖŰŬ ˊŮɟɑˊɞɡ ůŰɞ ɏɜŬ ŰɟɑŰɞ Űɞɡ ɢɎɚɡɓŬ. 

ɄŬɟɞɡůɘɎɕŮɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ˊŮɟɑ Űɞ ɏɜŬ ŰɟɑŰɞ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ɢɎɚɡɓŬ.  

Ὁ χπ πππ 
ὔ

άά
 

ȰŰůɘ, ůɨɛűɤɜŬ ɛŮ Űɞɜ ɜɧɛɞ Űɞɡ Hooke „ ῴ ‐z ŮɝɎɔŮŰŬɘ Űɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ ɢɟŮɘɎɕŮŰŬɘ ɖ 

ŰɟɘˊɚɎůɘŬ ŰɎůɖ ɔɘŬ Űɖɜ ɑŭɘŬ ˊŬɟŬɛɧɟűɤůɖ Ŭɚɞɡɛɘɜɑɞɡ əŬɘ ɢɎɚɡɓŬ.  

ɇɞ Ŭɚɞɡɛɑɜɘɞ ɚɞɘˊɧɜ ŮəŰɧɠ Ŭˊɧ ŮɚŬűɟɨŰŮɟɞ Ŭˊɧ ɎɚɚŬ ɛɏŰŬɚɚŬ, ŭɘŬɗɏŰŮɘ ɡɣɖɚɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ, 

ŮɑɜŬɘ ŬɜɗŮəŰɘəɧ ůŮ ŭɘɎɓɟɤůɖ əɘ ŬˊŬɘŰŮɑ ɢŬɛɖɚɧ əɧůŰɞɠ ůɡɜŰɐɟɖůɖɠ. Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ əŬɘ Űɤɜ 

əɟŬɛɎŰɤɜ Űɞɡ, Űɞ əŬɗɘůŰɞɨɜ ɤɠ ɏɜŬ Ŭˊɧ ŰŬ ˊɘɞ ŮɡɏɚɘəŰŬ, ɞɘəɞɜɞɛɘəɎ əŬɘ ŮɚəɡůŰɘəɎ ɛŮŰŬɚɚɘəɎ 

ɡɚɘəɎ ɔɘŬ ɏɜŬ űɎůɛŬ ɢɟɐůŮɤɜ. ɇŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ŮɑɜŬɘ ŭŮɨŰŮɟŬ ɛŮŰɎ Űɞ ɢɎɚɡɓŬ ůŮ ɢɟɐůɖ 

ɤɠ ŭɞɛɘəɎ ɡɚɘəɎ. ȷɜŰɘůŰɏəŮŰŬɘ ůŰɞ Ůɑŭɞɠ Űɖɠ ˊɟɞɞŭŮɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ ˊɞɡ ˊɟɞəŬɚŮɑ Űɖ ůəɞɡɟɘɎ 

Űɞɡ ɢɎɚɡɓŬ, əŬɗɩɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞ ɞɝɡɔɧɜɞ ůɢɖɛŬŰɑɕŮɘ ɏɜŬ ŬŭɟŬɜɏɠ űɘɚɛ ɞɝŮɘŭɑɞɡ Űɞɡ 

Ŭɚɞɡɛɘɜɑɞɡ (Al2O3) ɛŮ ŬˊɞŰɏɚŮůɛŬ űŬɘɜɧɛŮɜŬ ɧˊɤɠ, ŬˊɞɢɟɤɛŬŰɘůɛɧɠ əŬɘ ɝŮűɚɞɨŭɘůɛŬ, ɜŬ ɛɖɜ 

ŮɛűŬɜɑɕɞɜŰŬɘ. ɀŮ əŬŰɎɚɚɖɚŮɠ ˊɟɞůɛɑɝŮɘɠ əŬɘ ŮˊŮɝŮɟɔŬůɑŬ ɛˊɞɟŮɑ ɜŬ ŬɜŰɘůŰŬɗŮɑ ůŰɖ ŭɘɎɓɟɤůɖ 

Ŭˊɧ ɜŮɟɧ, ŬɚɎŰɘ, ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ, ɢɖɛɘəɞɨɠ əŬɘ űɡůɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ. ɇɞ Ŭɚɞɡɛɑɜɘɞ ůɡɜɐɗɤɠ 

ŮɛűŬɜɑɕŮɘ ŮɝŬɘɟŮŰɘəɐ ɖɚŮəŰɟɘəɐ əŬɘ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ əŬɘ ɞɘ ŮˊɘűɎɜŮɘŮɠ Űɞɡ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ 

ŬɜŬəɚŬůŰɘəɏɠ ůŮ ŬəŰɘɜɞɓɞɚɑŬ, ɗŮɟɛɧŰɖŰŬ, ɞɟŬŰɧ űɤɠ əŬɘ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɎ əɨɛŬŰŬ. Ⱥˊɘˊɚɏɞɜ 

ŮɑɜŬɘ ɛɖ ůɘŭɖɟɞɛŬɔɜɖŰɘəɧ, ɛɖ ˊɡɟɞűɞɟɘəɧ əŬɘ ɛɖ Űɞɝɘəɧ.(4) ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ 

ˊɟɞůɞɢɐ ŮɑɜŬɘ ˊɤɠ ɏɢŮɘ ůɢŮŰɘəɎ ɡɣɖɚɧ ůɡɜŰŮɚŮůŰɐ ɔɟŬɛɛɘəɐɠ ŭɘŬůŰɞɚɐɠ, ɔŮɔɞɜɧɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ 

ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɘɜ əŬŰɎ Űɞɜ ůɢŮŭɘŬůɛɧ ɩůŰŮ ɜŬ ŬɜŰɘůŰŬɗɛɘůŰɞɨɜ ɞɘ ŭɘŬűɞɟɏɠ ůŰɖɜ Ůˊɘɛɐəɡɜůɖ. 

 

1.1 ȾɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ  

 

ũɘŬ Űɖɜ ɓŮɚŰɑɤůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ əɟɎɛŬŰŬ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 

ůŰɞɘɢŮɑɤɜ ɧˊɤɠ ɞ ɢŬɚəɧɠ, ɞ ůɑŭɖɟɞɠ, Űɞ ɛŬɔɔɎɜɘɞ, Űɞ ˊɡɟɑŰɘɞ əŬɘ ɞ ɣŮɡŭɎɟɔɡɟɞɠ. ȼ ŮˊɑŭɟŬůɖ 

ŬɡŰɩɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůɡɜɞˊŰɘəɎ ůŰɞɜ əɎŰɤɗɘ ˊɑɜŬəŬ.(5,6) 

 

 

 



 

 

4 ǬȄȓȀȏȓȔȖȈȀȉǽ ȄȐȂȀȒǾȀ ǰȄȐȈȉȊǽ ǭȓȀȎȔȊǻȐȆ  

 

ɄɑɜŬəŬɠ II: ȺˊɑŭɟŬůɖ ɢɖɛɘəɩɜ ůŰɞɘɢŮɑɤɜ ůŰŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ  

Ʉɟɞůɗɐəɖ 

ůŰɞɘɢŮɑɞɡ 
ȺˊɑŭɟŬůɖ ůŰɘɠ ɘŭɘɧŰɖŰŮɠ əɟɎɛŬŰɞɠ Ŭɚɞɡɛɘɜɑɞɡ 

ɉŬɚəɧɠ 

ȸŮɚŰɑɤůɖ ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ, ɛɖɢŬɜɞɡɟɔɘəɐɠ əŬŰŮɟɔŬůɑŬɠ əŬɘ 

ŬɔɤɔɘɛɧŰɖŰŬɠ. 

ɀŮɑɤůɖ ŬɜŰɑůŰŬůɖɠ ůŮ ŭɘɎɓɟɤůɖ, ůɡɔəɞɚɚɖůɘɛɧŰɖŰŬɠ əŬɘ ɞɚəɘɛɧŰɖŰŬɠ. 

Ɇɑŭɖɟɞɠ 

ȸŮɚŰɑɤůɖ ŬɜŰɞɢɐɠ əŬɘ ůəɚɖɟɧŰɖŰŬɠ. 

ɀŮɑɤůɖ ɟɖɔɛŬŰɩůŮɤɜ əŬŰɎ Űɖ ɢɨŰŮɡůɖ. 

ɀŮɑɤůɖ ɞɚəɘɛɧŰɖŰŬɠ. 

ɀŬɔɔɎɜɘɞ 

ȸŮɚŰɑɤůɖ Űɖɠ ɞɚəɘɛɧŰɖŰŬɠ əŬɘ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞɜ ůɑŭɖɟɞ Űɖ 

ɢɡŰŮɡůɘɛɧŰɖŰŬ. 

ȸŮɚŰɑɤůɖ ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ əŬɘ ŬɜŰɞɢɐɠ ůŮ ŭɘɎɓɟɤůɖ. 

ɀŬɔɜɐůɘɞ 

ɀŮɑɤůɖ ůɖɛŮɑɞɡ ŰɐɝŮɤɠ. 

ȸŮɚŰɑɤůɖ ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ əŬɘ ŬɜŰɞɢɐɠ ůŮ ŭɘɎɓɟɤůɖ. 

ɆŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Ɏɜɤ Űɞɡ 6% ˊɟɞəŬɚŮɑ ůəɚɐɟɡɜůɖ ɛŮ əŬŰŬəɟɐɛɜɘůɖ. 

ɄɡɟɑŰɘɞ 
ɀŮɑɤůɖ ůɖɛŮɑɞɡ ŰɐɝŮɤɠ. 

ȸŮɚŰɑɤůɖ ɢɡŰŮɡůɘɛɧŰɖŰŬɠ əŬɘ ŬɜŰɞɢɐɠ ůŮ ŭɘɎɓɟɤůɖ. 

ɊŮɡŭɎɟɔɡɟɞɠ 

ɀŮɑɤůɖ ɢɡŰŮɡůɘɛɧŰɖŰŬɠ, ŮˊɘɟɟŮˊɏɠ ůŮ ɟɤɔɛɏɠ. 

ȸŮɚŰɑɤůɖ ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ ɛŮ ɗŮɟɛɐ ɐ ɣɡɢɟɐ ůəɚɐɟɡɜůɖ, ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ ɎɚɚŮɠ ˊɟɞůɗɐəŮɠ ɧˊɤɠ ɢŬɚəɧɠ əŬɘ ɛŬɔɜɐůɘɞ. 

ȿɑɗɘɞ 

ȸŮɚŰɑɤůɖ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ůŰŬ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ, ůŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɏɤɠ 3%. 

ȷɜŰɑɗŮŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůŰŬ ɢɡŰɎ, ɛŮ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰɎ Űɞɡ ɜŬ 

ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞ 0.003% 

Ɂɘəɏɚɘɞ ȸŮɚŰɑɤůɖ ŬɜŰɞɢɐɠ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. 

 

ɇŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ɢɤɟɑɕɞɜŰŬɘ ůŮ 2 ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ. ɇŬ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ (wrought 

alloys) əŬɘ ŰŬ əɟɎɛŬŰŬ ɢɨŰŮɡůɖɠ (casting alloys). ɀɘŬ ˊŮɟŬɘŰɏɟɤ ŭɘŬűɞɟɞˊɞɑɖůɖ ɔɘŬ əɎɗŮ 

əŬŰɖɔɞɟɑŬ ɓŬůɑɕŮŰŬɘ ůŰɞ Ŭɜ ŮˊɘŭɏɢɞɜŰŬɘ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ.  



 

 

5 ǬȄȓȀȏȓȔȖȈȀȉǽ ȄȐȂȀȒǾȀ ǰȄȐȈȉȊǽ ǭȓȀȎȔȊǻȐȆ  

 

1.1.1 ȾɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ 

 

ɇɞ ůɨůŰɖɛŬ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ əɟŬɛɎŰɤɜ ŭɘŬɛɧɟűɤůɖɠ Ŭɚɞɡɛɘɜɑɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ 4ɣɖűɑŬ.(4)  Ƀ 

ˊɟɩŰɞɠ Ŭɟɘɗɛɧɠ ɡˊɞŭɖɚɩɜŮɘ Űɞ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ. Ƀ ŭŮɨŰŮɟɞɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ 

ŭɖɚɩůŮɘ ŰɟɞˊɞˊɞɘɐůŮɘɠ Űɞɡ əɟɎɛŬŰɞɠ, ɛŮ Űɞ 0 ɜŬ ŭɖɚɩɜŮɘ Űɞ Ŭɟɢɘəɧ əɟɎɛŬ, Ůɜɩ ɞɘ ŭɨɞ ŰŮɚŮɡŰŬɑɞɘ 

Ŭɟɘɗɛɞɑ ɔɘŬ Űɖ ůŮɘɟɎ 1ɉɉɉ ŭɑɜɞɡɜ ŰŬ ŭŮəŬŭɘəɎ ɣɖűɑŬ Űɞɡ ˊɞůɞůŰɞɨ ́ ŮɟɘŮəŰɘəɧŰɖŰŬɠ Ŭɚɞɡɛɘɜɑɞɡ 

Ɏɜɤ Űɞɡ 99% əŬɘ ůŰɘɠ ɎɚɚŮɠ ůŮɘɟɏɠ ŮɑɜŬɘ ŬɡɗŬɑɟŮŰɞɘ Ŭɟɘɗɛɞɑ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɡɜ ůɡɔəŮəɟɘɛɏɜŬ 

əɟɎɛŬŰŬ Űɖɠ ůŮɘɟɎɠ. ɇŬ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ˊɞɡ ɡˊɧəŮɘɜŰŬɘ ůŮ ůəɚɐɟɡɜůɖ ŭɞɛɐɠ ɛŮ ɗŮɟɛɘəɏɠ 

əŬŰŮɟɔŬůɑŮɠ Ŭɜɐəɞɡɜ ůŰɘɠ ůŮɘɟɏɠ 2ɉɉɉ, 6ɉɉɉ əŬɘ 7ɉɉɉ. Ⱥɜɩ ɞɘ ůŮɘɟɏɠ 1ɉɉɉ, 3ɉɉɉ əŬɘ 

5ɉɉɉ ŭŮɜ ɡűɑůŰŬɜŰŬɘ ůəɚɐɟɡɜůɖ ŭɞɛɐɠ ɛŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ.(7) ɇŬ əɟɎɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ 

ɛɞɜɞűŬůɘəɎ, ɛŮ ɢŬɛɖɚɎ ˊɞůɞůŰɎ ŮɜŭɞɛŮŰŬɚɚɘəɩɜ ŮɜɩůŮɤɜ. ȼ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɤɜ əɟŬɛɎŰɤɜ 

ŬɡŰɩɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ ɛɖɢŬɜɘůɛɩɜ ůəɚɐɟɡɜůɖɠ, ɧˊɤɠ ɖ ŮɜŭɞŰɟɎɢɡɜůɖ (work hardening), ɖ 

ůəɚɐɟɡɜůɖ ɛɏůɤ ůŰŮɟŮɞɨ ŭɘŬɚɨɛŬŰɞɠ əŬɘ ɖ ůəɚɐɟɡɜůɖ ŭɘŬůˊɞɟɎɠ (dispersoid precipitates).(8) 

 

ɄɑɜŬəŬɠ III : ȾŬŰɖɔɞɟɘɞˊɞɑɖůɖ əɟŬɛɎŰɤɜ ŭɘŬɛɧɟűɤůɖɠ Ŭɚɞɡɛɘɜɑɞɡ 

Ⱦɤŭɘəɧɠ Ʉɟɞůɗɐəɖ 

1xxx KŬɗŬɟɧ Ŭɚɞɡɛɑɜɘɞ (Al  >99,00%) 

2xxx Al -Cu 

3xxx AI-Mn 

4xxx Al -Si 

5xxx Al -Mg 

6xxx Al -Mg-Si 

7xxx Al -Zn 

8xxx Al  ɛŮ ɎɚɚŬ ůŰɞɘɢŮɑŬ 

9xxx ɀɖ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ůŮɘɟɎ 

 

ȼ ůŮɘɟɎ 1ɉɉɉ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɞ əŬɗŬɟɧ Ŭɚɞɡɛɑɜɘɞ. Ƀɘ ŭɨɞ ŰŮɚŮɡŰŬɑɞɘ Ŭɟɘɗɛɞɑ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɖɠ ůŮɘɟɎɠ ŬɡŰɐɠ  ŭɑɜɞɡɜ ŰŬ ŭŮəŬŭɘəɎ ˊɞůɞůŰɎ, ɔɘŬ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Ŭɚɞɡɛɘɜɑɞɡ ɡɣɖɚɧŰŮɟŮɠ Űɞɡ 

99%.(7) ȿɧɔɤ Űɖɠ əŬɗŬɟɧŰɖŰŬɠ, Űɖɠ ɢŬɛɖɚɐɠ ŬɜŰɞɢɐɠ əŬɘ Űɖɠ əŬɚɐɠ ɗŮɟɛɘəɐɠ əŬɘ ɖɚŮəŰɟɘəɐɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ, ɖ ɢɟɐůɖ Űɞɡɠ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɖɜ ɖɚŮəŰɟɘəɐ əŬɘ ɢɖɛɘəɐ ɓɘɞɛɖɢŬɜɑŬ.(4) 



 

 

6 ǬȄȓȀȏȓȔȖȈȀȉǽ ȄȐȂȀȒǾȀ ǰȄȐȈȉȊǽ ǭȓȀȎȔȊǻȐȆ  

 

ȼ ůŮɘɟɎ 2ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ ɞ ɢŬɚəɧɠ (Cu), 

ůŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 2,6-6,3% əŬɘ ɎɚɚŬ ůŰɞɘɢŮɑŬ ɧˊɤɠ Űɞ ɛŬɔɜɐůɘɞ (Mg) ˊɞɡ əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ 0,5-

1,5%. (4,7) Ȱɢɞɡɜ ɛɏŰɟɘŬ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ əŬɘ ůɡɔəɞɚɚɩɜŰŬɘ ŭɨůəɞɚŬ. ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

Ůɡɟɏɤɠ ůŰɖɜ ŬŮɟɞɜŬɡˊɖɔɘəɐ ɚɧɔɤ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ əŬɘ ɢŬɛɖɚɞɨ ɓɎɟɞɡɠ, ɛŮ ɧɟɘɞ ŬɜŰɞɢɐɠ ɏɤɠ əŬɘ 

455 MPa.  

ȼ ůŮɘɟɎ 3ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ Űɞ ɛŬɔɔɎɜɘɞ 

(Mn) ɏɤɠ 1.5% əŬɘ ɎɚɚŬ ůŰɞɘɢŮɑŬ ɧˊɤɠ Űɞ ɛŬɔɜɐůɘɞ (Mg), ɞ ůɑŭɖɟɞɠ (Fe) əŬɘ Űɞ ˊɡɟɑŰɘɞ (Si). ɇŬ 

əɟɎɛŬŰŬ Al-Mn ɛɞɟűɞˊɞɘɞɨɜŰŬɘ əŬɘ ůɡɔəɞɚɚɩɜŰŬɘ ŮɨəɞɚŬ. Ȱɢɞɡɜ ŮɝŬɘɟŮŰɘəɐ ŬɜŰɞɢɐ ůŰɖ 

ŭɘɎɓɟɤůɖ (4,7) əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ůŮ ŬɟɢɘŰŮəŰɞɜɘəɏɠ ŮűŬɟɛɞɔɏɠ. (4) 

ȼ ůŮɘɟɎ 4ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ Űɞ ˊɡɟɑŰɘɞ (Si) 

ɏɤɠ 12%, Űɞ ɞˊɞɑɞ ɛŮɘɩɜŮɘ Űɞ ůɖɛŮɑɞ Űɐɝɖɠ əŬɘ ɓŮɚŰɘɩɜŮɘ Űɖɜ ɞɚəɘɛɧŰɖŰŬ ɔɘŬ ůűɡɟɐɚŬŰŬ 

ˊɟɞɥɧɜŰŬ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ ɤɠ ůɨɟɛŬ ůɡɔəɧɚɚɖůɖɠ (əɟɎɛŬ 4043). 

ȼ ůŮɘɟɎ 5ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ Űɞ ɛŬɔɜɐůɘɞ 

(Mg). (4,7) ɇŬ əɟɎɛŬŰŬ Al-Mg Űɖɠ ůŮɘɟɎɠ ŬɡŰɐɠ ůəɚɖɟŬɑɜɞɜŰŬɘ ɛŮ ɣɡɢɟɖɚŬůɑŬ, ˊŬɟɞɡůɘɎɕɞɡɜ 

ŮɝŬɘɟŮŰɘəɎ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ ŭɘɎɓɟɤůɖ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ əŬɘ ůŰɞ ɗŬɚŬůůɘɜɧ ɜŮɟɧ, ůɡɔəɞɚɚɩɜŰŬɘ 

ŮɨəɞɚŬ əɘ ɏɢɞɡɜ əŬɚɐ əŬŰŮɟɔŬůɘɛɧŰɖŰŬ.(7) ɋůŰɧůɞ, ɡˊɎɟɢŮɘ ɞ ˊŮɟɘɞɟɘůɛɧɠ ɢɟɐůɖɠ ůŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ɛŬɔɜɖůɑɞɡ Ɏɜɤ Űɞɡ 3.5% ɔɘŬ ɗŮɟɛɞəɟŬůɑŮɠ ɏəɗŮůɖɠ Ɏɜɤ Űɤɜ 65ÁC ŮɝŬɘŰɑŬɠ Űɖɠ 

ŬɜɎˊŰɡɝɖɠ ɟɤɔɛɩɜ Ŭˊɧ ŭɘɎɓɟɤůɖ ɚɧɔɤ Ůˊɘɓɞɚɐɠ ŰɎůŮɤɜ. ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɘɩɠ ůŰɖ 

ɜŬɡˊɖɔɘəɐ ɓɘɞɛɖɢŬɜɑŬ. 

ȼ ůŮɘɟɎ 6ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ Űɞ ɛŬɔɜɐůɘɞ 

(Mg) əŬɘ Űɞ ˊɡɟɑŰɘɞ (Si), ůŮ ˊɞůɞůŰɎ ŬɜɎɚɞɔŬ ŬɡŰɩɜ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɖɠ 

ɏɜɤůɖɠ Mg2Si. ȷɜ əŬɘ ŭŮɜ ŭɘŬɗɏŰɞɡɜ Űɧůɞ ɡɣɖɚɐ ŬɜŰɞɢɐ ɧůɞ ŰŬ ˊŮɟɘůůɧŰŮɟŬ əɟɎɛŬŰŬ Űɤɜ ůŮɘɟɩɜ 

2xxx əŬɘ 7xxx, ɖ ůŮɘɟɎ 6xxx ˊŬɟɏɢŮɘ ŮɡəɞɚɑŬ ůŰɖɜ ŭɘŬɛɧɟűɤůɖ, Űɖɜ ůɡɔəɧɚɚɖůɖ, Űɖɜ 

ɛɖɢŬɜɞɡɟɔɘəɐ əŬŰŮɟɔŬůɑŬ, ɡɣɖɚɐ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ, ŮɝŬɘɟŮŰɘəɐ ɞɚəɘɛɧŰɖŰŬ. 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ůŮ ŬɟɢɘŰŮəŰɞɜɘəɞɨɠ əŬɘ əŬŰŬůəŮɡŬůŰɘəɞɨɠ ŰɞɛŮɑɠ ɚɧɔɤ Űɖɠ ɛɞɜŬŭɘəɐɠ 

Űɞɡɠ ɘəŬɜɧŰɖŰŬɠ ɔɘŬ ŭɘɏɚŬůɖ.(4,7) ȼ əŬŰɖɔɞɟɑŬ ŬɡŰɐ ɡˊɧəŮɘŰŬɘ ůŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůəɚɐɟɡɜůɖɠ, 

ɛŮ əɤŭɘəɧ 

ɇ4 ˊɞɡ ŬűɞɟɎ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, ɓŬűɐ əŬɘ űɡůɘəɐ ɔɐɟŬɜůɖ,  

ɇ5 ɔɘŬ ɓŬűɐ ůŮ ɗŮɟɛɞəɟŬůɑŬ ɗŮɟɛɐɠ ɛɞɟűɞˊɞɑɖůɖɠ əŬɘ ŰŮɢɜɖŰɐ ɔɐɟŬɜůɖ, ɐ 

ɇ6 ɔɘŬ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ əŬɘ ŰŮɢɜɖŰɐ ɔɐɟŬɜůɖ (precipitation). (4,5) 
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ȼ ůŮɘɟɎ 7ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ůŰŬ ɞˊɞɑŬ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ ɞ ɣŮɡŭɎɟɔɡɟɞɠ 

ůŮ ˊɞůɞůŰɎ ɏɤɠ 8% əŬɘ ɢŬɛɖɚɧŰŮɟŬ ˊɞůɞůŰɎ ɛŬɔɜɖůɑɞɡ ɏɤɠ 3% əŬɘ ɢŬɚəɞɨ ɏɤɠ 2%.(4,7) ȼ 

ůəɚɐɟɡɜůɖ Űɖɠ ŭɞɛɐɠ Űɞɡɠ ɞűŮɑɚŮŰŬɘ ůŰɖɜ əŬŰŬəɟɐɛɜɘůɖ Űɖɠ ɏɜɤůɖɠ MgZn2. ɇŬ əɟɎɛŬŰŬ ŬɡŰɎ 

ŮˊɘŭɏɢɞɜŰŬɘ ŮɨəɞɚŬ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ, ŭɘɧŰɘ ɏɢɞɡɜ ɛŮɔɎɚɞ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ ɔɘŬ Űɖɜ 

ɞɛɞɔŮɜɞˊɞɑɖůɖ Űɞɡɠ əŬɘ ůɢŮŰɘəɎ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ɔɐɟŬɜůɖɠ. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ 

əɟŬɛɎŰɤɜ Űɖɠ ůŮɘɟɎɠ ŬɡŰɐɠ ŭŮɜ ŬɚɚɞɘɩɜɞɜŰŬɘ əŬŰɎ Űɖ ůɡɔəɧɚɚɖůɖ Űɞɡɠ, ˊŬɟɧɚŬ ŬɡŰɎ ɖ 

ůɡɔəɞɚɚɖůɘɛɧŰɖŰŬ Űɞɡɠ ˊŬɟŬɛɏɜŮɘ ɢŬɛɖɚɐ əŬɘ ůɡɜɐɗɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ əŬŰŬůəŮɡɏɠ ɛŮ 

ˊɟɘŰůɑɜɘŬ. ɇɞ əɨɟɘɞ ɛŮɘɞɜɏəŰɖɛŬ Űɖɠ ůŮɘɟɎɠ ŬɡŰɐɠ ŮɑɜŬɘ ɖ ɛŮɘɤɛɏɜɖ ŬɜŰɞɢɐ Űɞɡɠ ůŮ əŬŰŮɟɔŬůɑŮɠ 

Ůɜ ɗŮɟɛɩ. ȺɑɜŬɘ ŰŬ ɘůɢɡɟɧŰŮɟŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ, ɛŮ ɧɟɘɞ ŭɘŬɟɟɞɐɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊŮɟɓŬɑɜŮɘ 

ŰŬ 500 ɀɅa. ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŬŮɟɞɜŬɡˊɖɔɘəɐ ɓɘɞɛɖɢŬɜɑŬ ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ ŬəŬɛɣɑŬɠ əŬɘ 

ůŮ ́ŮɟɘˊŰɩůŮɘɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɡɣɖɚɐ ŬɜŰɞɢɐ. ȼ ůŮɘɟɎ 8ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ ůŰɞɘɢŮɑŬ ɧˊɤɠ ɞ 

əŬůůɑŰŮɟɞɠ, Űɞ ɚɑɗɘɞ, ɞ ůɑŭɖɟɞɠ əŬɘ Űɞ ɜɘəɏɚɘɞ. ȼ ˊɟɞůɗɐəɖ ɚɘɗɑɞɡ ɞŭɖɔŮɑ ůŮ ɢŬɛɖɚɐ ˊɡəɜɧŰɖŰŬ 

əŬɘ ɡɣɖɚɐ ŭɡůəŬɛɣɑŬ ɧˊɤɠ ůŰɞ 8090, Űɞ ɞˊɞɑɞ ɡˊɧəŮɘŰŬɘ ůŮ ůəɚɐɟɡɜůɖ ŰŮɢɜɖŰɐɠ ɔɐɟŬɜůɖɠ, ɤɠ 

Ůə ŰɞɨŰɞɡ ɏɢŮɘ ŬɜŰɘəŬŰŬůŰɐůŮɘ əɟɎɛŬŰŬ Űɤɜ ůŮɘɟɩɜ 2xxx əŬɘ 7xxx ůŮ ŮűŬɟɛɞɔɏɠ ŬŮɟɞɜŬɡˊɖɔɘəɐɠ.  

ȼ ůŮɘɟɎ 9ɉɉɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ ˊɞɡ ŭŮɜ ɏɢɞɡɜ əɎˊɞɘŬ ŮűŬɟɛɞɔɐ əŬɘ űɡɚɎůůɞɜŰŬɘ ɔɘŬ 

ɛŮɚɚɞɜŰɘəɐ ɢɟɐůɖ.(4) 

1.1.2 ȾɟɎɛŬŰŬ ɢɨŰŮɡůɖɠ 

 

ȼ əɨɟɘŬ ŭɘŬűɞɟɎ ɛŮ ŰŬ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ŮɑɜŬɘ ˊɤɠ ŰŬ əɟɎɛŬŰŬ ɢɨŰŮɡůɖɠ ˊŮɟɘɏɢɞɡɜ 

ˊɟɞůɗɐəɖ ˊɡɟɘŰɑɞɡ ůŮ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟŮɠ ˊɞůɧŰɖŰŮɠ, ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 4-12%, əŬɘ ɚŬɛɓɎɜɞɡɜ 

Űɖɜ ŰŮɚɘəɐ Űɞɡɠ ɛɞɟűɐ ɢɤɟɑɠ ɜŬ ɡűɑůŰŬɜŰŬɘ ˊɚɏɞɜ ˊɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. ɄŬɟɏɢŮɘ ɏŰůɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɛŮɑɤůɖɠ ŬˊɩɚŮɘŬɠ ɡɚɘəɞɨ (scrap), Űɖɜ ˊŬɟŬɔɤɔɐ əŬŰŬůəŮɡɩɜ ˊɞɚɨˊɚɞəɖɠ ůɢŮŭɑŬůɖɠ 

ɛŮ ŮˊɘɗɡɛɖŰɏɠ ŭɘŬəɡɛɎɜůŮɘɠ ůŰɞ ˊɎɢɞɠ əŬɘ Űɖɜ ŭɘŬŰɞɛɐ əŬɗɩɠ əŬɘ ɡɣɖɚɐ ˊɞɘɧŰɖŰŬ ŮˊɘűŬɜŮɘɩɜ 

əŬɘ ŮůɤŰŮɟɘəɐɠ ŭɞɛɐɠ, ŮɝŬɟŰɩɛŮɜŬ ɓŮɓŬɑɤɠ Ŭˊɧ Űɘɠ ɞɟɗɏɠ ɛŮɗɧŭɞɡɠ ɢɨŰŮɡůɖɠ. 

ɇɞ ůɨůŰɖɛŬ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ əɟŬɛɎŰɤɜ ɢɨŰŮɡůɖɠ ˊŮɟɘɚŬɛɓɎɜŮɘ 3 ɣɖűɑŬ əŬɘ ɛɑŬ ŭŮəŬŭɘəɐ Űɘɛɐ. 

Ƀ ˊɟɩŰɞɠ Ŭɟɘɗɛɧɠ ɡˊɞŭɖɚɩɜŮɘ Űɞ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ůɨɛűɤɜŬ ɛŮ Űɞɜ ɄɑɜŬəŬɠ IV. Ƀ 

ŭŮɨŰŮɟɞɠ əŬɘ ɞ ŰɟɑŰɞɠ Űɖɜ Ůɘŭɘəɐ əŬŰɖɔɞɟɑŬ Űɞɡ əɟɎɛŬŰɞɠ Űɖɠ ɞɘəŮɑŬɠ ɞɛɎŭŬɠ. Ƀ ŭŮəŬŭɘəɧɠ Ŭɟɘɗɛɧɠ 

ŬűɞɟɎ ůŰɖ ɛɞɟűɞɚɞɔɑŬ Űɞɡ ˊɟɞɥɧɜŰɞɠ ɢɨŰŮɡůɖɠ. (4,7) ɀŮ ɛɖŭɏɜ 0 ɡˊɞŭɖɚɩɜŮŰŬɘ ɧŰɘ ˊɟɧəŮɘŰŬɘ ɔɘŬ 

ɢɡŰɧ, ɛŮ Űɖɜ ŰŮɚɘəɐ Űɞɡ ɛɞɟűɞɚɞɔɑŬ Ŭˊɧ əŬŰô ŮɡɗŮɑŬɜ ɢɨŰŮɡůɖ, Ůɜɩ ɛŮ 1 ɡˊɞŭɖɚɩɜŮŰŬɘ ɧŰɘ 

ˊɟɧəŮɘŰŬɘ ɔɘŬ ˊɚɑɜɗɤɛŬ. ɇŬ əɟɎɛŬŰŬ ɢɨŰŮɡůɖɠ ˊɞɡ ɡűɑůŰŬɜŰŬɘ ɗŮɟɛɘəɏɠ əŬŰŮɟɔŬůɑŮɠ Ŭɜɐəɞɡɜ 
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ůŰɘɠ ůŮɘɟɏɠ 2ɉɉ.ɉ, 3ɉɉ.ɉ əŬɘ 7ɉɉ.ɉ. Ⱥɜɩ ɞɘ ůŮɘɟɏɠ 1ɉɉ.ɉ, 4ɉɉ.ɉ əŬɘ 5ɉɉ.ɉ ŭŮɜ ɡűɑůŰŬɜŰŬɘ 

ůəɚɐɟɡɜůɖ ŭɞɛɐɠ ɛŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ.  

ɄɑɜŬəŬɠ IV: ȾŬŰɖɔɞɟɘɞˊɞɑɖůɖ əɟŬɛɎŰɤɜ ŭɘŬɛɧɟűɤůɖɠ Ŭɚɞɡɛɘɜɑɞɡ 

Ⱦɤŭɘəɧɠ Ʉɟɞůɗɐəɖ 

1xx.x KŬɗŬɟɧ Ŭɚɞɡɛɑɜɘɞ (Al >99%) 

2xx.x Al -Cu 

3xx.x AI-Si+Cu əŬɘ/ɐ Mg 

4xx.x Al -Si 

5xx.x Al -Mg 

6xx.x ɀɖ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ůŮɘɟɎ 

7xx.x Al -Zn 

8xx.x Al -Sn ɛŮ ɎɚɚŬ ůŰɞɘɢŮɑŬ 

9xx.x Al  ɛŮ ɎɚɚŬ ůŰɞɘɢŮɑŬ 

 

ȼ ůŮɘɟɎ 2ɉɉ.ɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ůŰŬ ɞˊɞɑŬ Űɞ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ 

ɞ ɢŬɚəɧɠ ɏɤɠ 6%. ȰɢŮɘ Űɖɜ ɡɣɖɚɧŰŮɟɖ ŬɜŰɞɢɐ əŬɘ ůəɚɖɟɧŰɖŰŬ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (ɏɤɠ 300 

ÁC) ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ɡˊɧɚɞɘˊŬ əɟɎɛŬŰŬ ɢɨŰŮɡůɖɠ. ȾɎˊɞɘŬ Ŭˊɧ ŬɡŰɎ ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɐ 

ŬɜŰɞɢɐ ůŮ əɎɛɣɖ, əɎɜɞɜŰŬɠ ŰŬ əŬŰɎɚɚɖɚŬ ɔɘŬ ŮɝŬɟŰɐɛŬŰŬ ɡɣɖɚɐɠ əŬŰŬˊɧɜɖůɖɠ ůŮ 

ŮɟɔŬɚŮɘɞɛɖɢŬɜɏɠ, ůŮ ŮűŬɟɛɞɔɏɠ ɖɚŮəŰɟɞɚɞɔɘəɞɨ ɡɚɘəɞɨ əŬɘ ůŰɖɜ əŬŰŬůəŮɡɐ ŬŮɟɞůəŬűɩɜ. ȼ 

ŬɜŰɞɢɐ Űɤɜ əɟŬɛɎŰɤɜ Űɖɠ ůŮɘɟɎɠ ŬɡŰɐɠ ůŰɖ ŭɘɎɓɟɤůɖ ŮɑɜŬɘ ɢŬɛɖɚɧŰŮɟɖ ůŮ ůɨɔəɟɘůɖ ɛŮ ɎɚɚŮɠ 

əŬɘ ŬˊŬɘŰŮɑŰŬɘ ŮˊɘűŬɜŮɘŬəɐ ŮˊɑůŰɟɤůɖ ˊɟɞůŰŬůɑŬɠ. 

ȼ ůŮɘɟɎ 3ɉɉ.ɉ ŬˊɞŰŮɚŮɑ ɛɑŬ Ŭˊɧ Űɘɠ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ůŮɘɟɏɠ. ɆŰɖ ůŮɘɟɎ ŬɡŰɐ ŮəŰɧɠ 

Ŭˊɧ ˊɡɟɑŰɘɞ ůŮ ˊɞůɞůŰɎ 5-22%, ˊŮɟɘɏɢŮŰŬɘ ɢŬɚəɧɠ ɏɤɠ 4.5%, ɛŬɔɜɐůɘɞ ɏɤɠ 1% əŬɘ ůŮ 

ůɡɔəŮəɟɘɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ůɡɛˊɚɖɟɤɛŬŰɘəɏɠ ˊɟɞůɗɐəŮɠ ɜɘəŮɚɑɞɡ ɐ ɓɖɟɡɚɚɑɞɡ. Ȱɢɞɡɜ 

ŮɝŬɘɟŮŰɘəɐ ɢɡŰŮɡůɘɛɧŰɖŰŬ əŬɘ ɡɣɖɚɐ ŬɜŰɞɢɐ ɛŮŰɎ Ŭˊɧ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ, Ůɜɩ əɎˊɞɘŬ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ. Ƀ ůɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ ɛŮɘɩɜŮŰŬɘ 

ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ˊɡɟɑŰɘɞ əŬɘ ɜɘəɏɚɘɞ, əŬɘ ŬɡɝɎɜŮŰŬɘ ɖ ŬɜŰɑůŰŬůɖ ůŮ űɗɞɟɎ, 

əɎɜɞɜŰŬɠ Űɞ əŬŰɎɚɚɖɚɞ ɔɘŬ ŮűŬɟɛɞɔɏɠ ůŮ ɛɖɢŬɜɏɠ ŮůɤŰŮɟɘəɐɠ əŬɨůɖɠ ɧˊɤɠ ˊɘůŰɧɜɘŬ.  
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ɇŬ əɟɎɛŬŰŬ Űɖɠ ɞɛɎŭŬɠ 4ɉɉ.ɉ ɓŬůɑɕɞɜŰŬɘ ůŰɞ ŭɡŬŭɘəɧ ůɨůŰɖɛŬ Ŭɚɞɡɛɘɜɑɞɡ- ˊɡɟɘŰɑɞɡ ɛŮ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ Ŭˊɧ 5 ɏɤɠ 12%. ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ɛŮ ůɡɜŭɡŬůɛɧ ɛɏŰɟɘŬɠ ŬɜŰɞɢɐɠ, 

ɡɣɖɚɐɠ ɞɚəɘɛɧŰɖŰŬɠ əŬɘ ŬɜŰɑůŰŬůɖɠ ůŮ əɟɞɨůɖ. 

ɇŬ əɟɎɛŬŰŬ Űɖɠ ůŮɘɟɎɠ 5ɉɉ.ɉ ŮɑɜŬɘ ɛɞɜɞűŬůɘəɎ ŭɡŬŭɘəɎ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ- ɛŬɔɜɖůɑɞɡ ɛŮ 

ɛɏŰɟɘŬ ɏɤɠ ɡɣɖɚɐ ŬɜŰɞɢɐ əŬɘ ɘŭɘɧŰɖŰŮɠ ůəɚɐɟɡɜůɖɠ. ȼ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ, ŮɘŭɘəɎ ůŰɞ 

ɗŬɚɎůůɘɞ ˊŮɟɘɓɎɚɚɞɜ ŮɑɜŬɘ Űɞ ˊɚŮɞɜɏəŰɖɛŬ Űɤɜ əɟŬɛɎŰɤɜ Űɖɠ ůŮɘɟɎɠ ŬɡŰɐɠ, ůŮ ɢŬɛɖɚɎ ˊɞůɞůŰɎ 

ŬəŬɗŬɟůɘɩɜ. ȺɑɜŬɘ əŬŰɎɚɚɖɚŬ ɔɘŬ ůɡɔəɞɚɚɖɛɏɜŮɠ əŬŰŬůəŮɡɏɠ ɔɘŬ Űɖɜ əɎɚɡɣɖ ŬɟɢɘŰŮəŰɞɜɘəɩɜ, 

ŭɘŬəɞůɛɖŰɘəɩɜ əŬɘ əŰɘɟɘŬəɩɜ ŬɜŬɔəɩɜ, əŬɗɩɠ ŮɑɜŬɘ ŮɨəɞɚŬ ůŮ ɛɖɢŬɜɞɡɟɔɘəɐ əŬŰŮɟɔŬůɑŬ əŬɘ 

ɏɢɞɡɜ ŮɚəɡůŰɘəɐ ŮɛűɎɜɘůɖ. 

ȼ ůŮɘɟɎ 7ɉɉ.ɉ ˊŮɟɘɚŬɛɓɎɜŮɘ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ůŰŬ ɞˊɞɑŬ Űɞ əɨɟɘɞ ůŰɞɘɢŮɑɞ ˊɟɞůɗɐəɖɠ ŮɑɜŬɘ 

ɞ ɣŮɡŭɎɟɔɡɟɞɠ əŬɘ ŭŮɡŰŮɟŮɡɧɜŰɤɠ Űɞ ɛŬɔɜɐůɘɞ. ɄŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ əŬɘ 

ɘəŬɜɧŰɖŰŬ ŬɜɎˊŰɡɝɖɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ɛɏůɤ űɡůɘəɐɠ ɔɐɟŬɜůɖɠ ɢɤɟɑɠ ɗŮɟɛɘəɐ ŮˊŮɝŮɟɔŬůɑŬ. 

ȼ ůŮɘɟɎ 8ɉɉ.ɉ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɤɠ 6% əŬůůɑŰŮɟɞ əŬɘ ɛɘəɟɏɠ ˊɞůɧŰɖŰŮɠ ɢŬɚəɞɨ əŬɘ ɜɘəŮɚɑɞɡ ɔɘŬ 

Ůɜɑůɢɡůɖ Űɖɠ ůəɚɖɟɧŰɖŰŬɠ. ȷɡŰɎ ŰŬ əɟɎɛŬŰŬ ŬɜŬˊŰɨɢɗɖəŬɜ ɔɘŬ ŮűŬɟɛɞɔɏɠ ůŮ ɏŭɟŬɜŬ əɨɚɘůɖɠ 

(ɟɞɡɚŮɛɎɜ) əŬɗɩɠ ɞ əŬůůɑŰŮɟɞɠ ˊɟɞůŭɑŭŮɘ ɚɑ́ Ŭɜůɖ.(4) 

Ƀɘ ɎɜɤɗŮɜ əɤŭɘəɞˊɞɘɐůŮɘɠ Űɧůɞ ɔɘŬ ŰŬ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ɧůɞ əŬɘ ɢɨŰŮɡůɖɠ ůɡɜɞŭŮɨɞɜŰŬɘ 

Ŭˊɧ ɏɜŬ ŬəɧɛŬ ɔɟɎɛɛŬ ɧˊɞɡ ŭɖɚɩɜŮɘ Űɖɜ əŬŰŮɟɔŬůɑŬ Űɞɡɠ əŬɘ Ŭˊɧ ɏɜŬ ɜɞɨɛŮɟɞ ɔɘŬ Űɞ ɓŬɗɛɧ Űɖɠ 

əŬŰŮɟɔŬůɑŬɠ, ɏŰůɘ: 

o F: Ʉɟɞɥɧɜ ɧˊɤɠ ˊŬɟɐɢɗɖ, ɢɤɟɑɠ əɎˊɞɘŬ ɗŮɟɛɘəɐ ɐ ɛɖɢŬɜɘəɐ əŬŰŮɟɔŬůɑŬ. 

o O: ȷɜɧˊŰɖůɖ, ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɛŮ Ŭɟɔɐ Ŭˊɧɣɡɝɖ ɔɘŬ ŬˊɞəŬŰɎůŰŬůɖ ŰɎůŮɤɜ, Ŭɨɝɖůɖ 

ɞɚəɘɛɧŰɖŰɖŬɠ əŬɘ ŭɡůɗɟŬɡůŰɧŰɖŰŬɠ. 

o H: ȺɜŭɞŰɟɎɢɡɜůɖ, ɛɧɜɞ ɔɘŬ əɟɎɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ, Ŭɨɝɖůɖ ŬɜŰɞɢɐɠ əŬɘ ůəɚɖɟɧŰɖŰŬɠ ɛŮ 

ɣɡɢɟɐ əŬŰŮɟɔŬůɑŬ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. 

o T: ŪŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůəɚɐɟɡɜůɖɠ, ˊŮɟɘɚŬɛɓɎɜŮɘ ɗɏɟɛŬɜůɖ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, ɓŬűɐ ɛŮ 

ŬˊɧŰɞɛɖ ɣɨɝɖ əŬɘ ɔɐɟŬɜůɖ. 

o W: ŪŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɞɛɞɔŮɜɞˊɞɑůɖůɖɠ, ɛɧɜɞ ɔɘŬ əɟɎɛŬŰŬ ˊɞɡ ɡűɑůŰŬɜŰŬɘ ůəɚɐɟɡɜůɖ 

ɛŮ ɔɐɟŬɜůɖ. 
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1.2 ȾŬɜɞɜɘůɛɞɑ ɜɖɞɔɜɤɛɧɜɤɜ 

 

Ƀɘ ɜɖɞɔɜɩɛɞɜŮɠ ŮɑɜŬɘ ɘŭɘɤŰɘəɞɑ ɛɖ əŮɟŭɞůəɞˊɘəɞɑ ɞɟɔŬɜɘůɛɞɑ, ɞɘ ɞˊɞɑɞɘ ŮˊɘɗŮɤɟɞɨɜ, 

əŬŰŬŰɎůůɞɡɜ əŬɘ ˊɘůŰɞˊɞɘɞɨɜ ŰŬ ˊɚɞɑŬ ůŮ əɚɎůŮɘɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞɜ ɓŬɗɛɧ əŬŰŬůəŮɡŬůŰɘəɐɠ əŬɘ 

ɛɖɢŬɜɞɚɞɔɘəɐɠ ŮˊɎɟəŮɘŬɠ, ŬůűɎɚŮɘŬɠ əŬɘ Ŭɝɘɧˊɚɞɞɡ. ȷˊɞůŰɞɚɐ Űɤɜ ɜɖɞɔɜɤɛɧɜɤɜ ŮɑɜŬɘ: 

¶ Ūɏůˊɘůɖ əŬɜɞɜɘůɛɩɜ əŬɘ ˊɟɞŭɘŬɔɟŬűɩɜ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ ůəɎűɞɡɠ əŬɘ Űɞɡ 

ɛɖɢŬɜɞɚɞɔɘəɞɨ Ůɝɞˊɚɘůɛɞɨ, Űɤɜ ɡɚɘəɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Űɧůɞ ůŰɖ ɜŬɡˊɐɔɖůɖ ɧůɞ 

əŬɘ ůŮ ŮˊɘůəŮɡɏɠ/ɛŮŰŬůəŮɡɏɠ, ŰŬ ɞˊɞɑŬ ŮˊɘɗŮɤɟŮɑ əŬɘ ŮˊɘɓɚɏˊŮɘ ɔɘŬ ůɡɛɛɧɟűɤůɖ əŬɘ 

ŭɘŬŰɐɟɖůɖ Űɖɠ əɚɎůɖɠ. 

¶ ȺˊŮɝŮɟɔŬůɑŬ əŬɘ ɏɔəɟɘůɖ Űɤɜ ůɢŮŭɑɤɜ Űɞɡ ůəɎűɞɡɠ əŬɘ Űɞɡ ɛɖɢŬɜɞɚɞɔɘəɞɨ Ůɝɞˊɚɘůɛɞɨ. 

¶ Ȱəŭɞůɖ ˊɘůŰɞˊɞɘɖŰɘəɩɜ əɚɎůɖɠ, Ŭɝɘɧˊɚɞɞɡ əŬɘ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɞɡ ˊɚɞɑɞɡ əŬɘ Űɞɡ 

Ůɝɞˊɚɘůɛɞɨ, əŬŰɧˊɘɜ ŮˊɘɗŮɩɟɖůɖɠ, ɐ/əŬɘ Űɖɜ ɏəŭɞůɖ ˊɘůŰɞˊɞɘɖŰɘəɩɜ ŬůűŬɚŮɑŬɠ. 

¶ ȺəŰɏɚŮůɖ ŰŮɢɜɘəɩɜ ɛŮɚŮŰɩɜ əŬɘ ŮɟŮɡɜɩɜ. 

¶ ɄɟɞŮŰɞɘɛŬůɑŬ əŬɘ ɏəŭɞůɖ ůŰŬŰɘůŰɘəɩɜ ˊɚɖɟɞűɞɟɘɩɜ. 

Ƀɟɘůɛɏɜɞɘ Ŭˊɧ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ Űɤɜ ɜɖɞɔɜɤɛɧɜɤɜ ɔɘŬ Űɖ ɢɟɐůɖ Ŭɚɞɡɛɘɜɑɞɡ ŬɜŬűɏɟɞɜŰŬɘ 

əɎŰɤɗɘ, Ůɜɩ ůŰɞ əŮűɎɚŬɘɞ 2 ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ɞŭɖɔɑŮɠ ɔɘŬ Űɖɜ ŮəŰɏɚŮůɖ Űɖɠ ŬɜɎɚɡůɖɠ ɛŮ Űɖɜ 

ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ. 

ɆɨɛűɤɜŬ ɛŮ Űɞɜ əŬɜɞɜɘůɛɧ DNV Part3 Chapter 3 Sec. 1, 4.1 (9), ŰŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ɗŬɚɎůůɘŬɠ 

ɢɟɐůɖɠ ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ŭɘɎűɞɟŬ ŬɜŰɘəŮɑɛŮɜŬ ɧˊɤɠ ɡˊŮɟəŬŰŬůəŮɡɏɠ (superstructures), 

ɡˊŮɟůŰŮɔɎůɛŬŰŬ (deckhouses), əŬɚɨɛɛŬŰŬ əɡŰɩɜ (hatch covers), ŮɜɘůɢɡŰɘəɎ ŬɜɞɘɔɛɎŰɤɜ əŬɘ 

ɎɚɚŬ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ŬɜŰɞɢɐ Űɖɠ əŬŰŬůəŮɡɐɠ Ŭɚɞɡɛɘɜɑɞɡ ŮɑɜŬɘ ɘůɞŭɨɜŬɛɖ ɛŮ ŬɡŰɐ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ 

ɔɘŬ ɛɑŬ ɢŬɚɨɓŭɘɜɖ əŬŰŬůəŮɡɐ. ũɘŬ ɏɜŬ əɟɎɛŬ Ŭɚɞɡɛɘɜɑɞɡ ˊɞɡ ɡˊɧəŮɘŰŬɘ ůŮ ŭɘŬɛɐəŮɘɠ 

əŬŰŬˊɞɜɐůŮɘɠ, ɞɘ ˊɟɞůɛɑɝŮɘɠ əŬɘ ɖ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ ŮˊɘɚɏɔɞɜŰŬɘ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞ ůɢŮŰɘəɧ 

ŮˊɑˊŮŭɞ ŰɎůŮɤɜ.  

ȾŬŰɎɚɚɖɚŬ ŬɜŬɚɩůɘɛŬ ůɡɔəɧɚɚɖůɖɠ ɟ́ɏˊŮɘ ɜŬ ŮˊɘɚɏɔɞɜŰŬɘ, ɩůŰŮ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ŮɜŬˊɞɗɏɜŰɞɠ ɡɚɘəɞɨ ůɡɔəɧɚɚɖůɖɠ ɜŬ ɛɖɜ ɡˊɞɚŮɑˊŮŰŬɘ Ŭˊɧ Űɖɜ ˊɟɞŭɘŬɔɟŬűɐ ɔɘŬ Űɖɜ ɕɩɜɖ 

ůɡɔəɧɚɚɖůɖɠ Űɞɡ Ŭɟɢɘəɞɨ ɡɚɘəɞɨ.  

ɇŬ ŰɡˊɞˊɞɘɖɛɏɜŬ ŮɚɎůɛŬŰŬ əŬɘ ɞɘ ɛɞɟűɞŭɞəɞɑ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ŮɜɘůɢɡŰɘəɎ ŮɑɜŬɘ 

ˊɟɞɥɧɜŰŬ ŭɘɏɚŬůɖɠ. ȼ ŮűŬɟɛɞɔɐ Űɤɜ űɨɚɚɤɜ ŮɚŬůɛɎŰɤɜ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ əŬŰŬůŰɟɩɛŬŰŬ, űɟŬəŰɏɠ, 

ɡˊŮɟəŬŰŬůəŮɡɏɠ əŬɘ ɡˊŮɟůŰŮɔɎůɛŬŰŬ. ȯɚɚŮɠ ɢɟɐůŮɘɠ ɛˊɞɟŮɑ ɜŬ ɔɑɜɞɜŰŬɘ ŬˊɞŭŮəŰɏɠ Ŭˊɧ Űɖɜ 
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ȾɚɎůɖ əŬŰɎ ˊŮɟɑˊŰɤůɖ. ɇŬ ŮɚɎůɛŬŰŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜŬ ɏŰůɘ ɩůŰŮ ŰŬ ŮɜɘůɢɡŰɘəɎ 

ɜŬ ŮɑɜŬɘ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɖ ŭɘŮɨɗɡɜůɖ Űɤɜ əɨɟɘɤɜ ŰɎůŮɤɜ. ɆŰɘɠ ůɡɜŭɏůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŮɚŬůɛɎŰɤɜ 

əŬɘ Űɤɜ əɨɟɘɤɜ ŮɜɘůɢɡŰɘəɩɜ ˊɟɏˊŮɘ ɜŬ ŭɑɜŮŰŬɘ ɘŭɘŬɑŰŮɟɖ ˊɟɞůɞɢɐ. 

ɆŮ ůɡɔəɞɚɚɞɨɛŮɜŮɠ ɕɩɜŮɠ ˊɟɞɥɧɜŰɤɜ ɏɚŬůɖɠ əŬɘ Ůɝɩɗɖůɖɠ (ɕɩɜŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɖ 

ɗŮɟɛɧŰɖŰŬ) ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɘɠ ŭɘŬůŰŬůɘɞɚɞɔɘəɏɠ 

ŬˊŬɘŰɐůŮɘɠ ɚɞɔɑɕɞɜŰŬɘ ɤɠ Ůɝɐɠ. ɀŮ Űɖɜ Ůɘůɟɞɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ůɡɔəɧɚɚɖůɖɠ ɛŮɘɩɜŮŰŬɘ ŰɞˊɘəɎ ɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ Űɤɜ əɟŬɛɎŰɤɜ Ŭɚɞɡɛɘɜɑɞɡ, ˊɞɡ ɏɢɞɡɜ ɡˊɞůŰŮɑ 

əŬŰŮɟɔŬůɑŬ ůəɚɐɟɡɜůɖɠ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮɜŭɞŰɟɎɢɡɜůɖɠ (ůŮɘɟɎ 5000 ŮəŰɧɠ Űɖɠ ˊŮɟɑˊŰɤůɖɠ 0 ï 

ŬɜɧˊŰɖůɖ, ɐ ȼ111- ŮɜŭɞŰɟɎɢɡɜůɖ ůŮ ɢŬɛɖɚɧ ˊɞůɞůŰɧ) ɐ ɛŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ (ůŮɘɟɎ 6000). Ƀɘ 

ɘŭɘɧŰɖŰŮɠ ůɡɔəɞɚɚɖɛɏɜɤɜ əɟŬɛɎŰɤɜ Ŭɚɞɡɛɘɜɑɞɡ Űɖɠ ůŮɘɟɎɠ 5000 ŮɑɜŬɘ ɔŮɜɘəɎ ŬɡŰɏɠ Űɖɠ 

əŬŰɎůŰŬůɖɠ 0 ɐ H111. ɀˊɞɟɞɨɜ ɜŬ ɚɖűɗɞɨɜ ɡˊɧɣɖ ɡɣɖɚɧŰŮɟŬ ɛɖɢŬɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ, Ŭɜ 

ŰŮəɛɖɟɘɩɜŮŰŬɘ ŮˊŬɟəɩɠ. ũɘŬ əɟɎɛŬŰŬ Űɖɠ ůŮɘɟɎɠ 6000 ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɘ ˊɘɞ ŭɡůɛŮɜŮɑɠ 

ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊŮɟɑˊŰɤůɖɠ ɇ4, ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, ɓŬűɐɠ əŬɘ 

űɡůɘəɐɠ ɔɐɟŬɜůɖɠ. 

1.2.1 ɆɡɜŰŮɚŮůŰɐɠ ɡɚɘəɞɨ k 

 

Ƀ ůɡɜŰŮɚŮůŰɐɠ ɡɚɘəɞɨ k ɔɘŬ ŰŬ əɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ɚŬɛɓɎɜŮŰŬɘ Ŭˊɧ Űɞɜ Ŭəɧɚɞɡɗɞ Űɨˊɞ: 

 

Ë
ςσυ

2ȭ
 

ɧˊɞɡ, 

Rôlim = ŮɚɎɢɘůŰɖ Ůɔɔɡɖɛɏɜɖ ŰɎůɖ ŭɘŬɟɟɞɐɠ Űɞɡ ɛɖŰɟɘəɞɨ ɛŮŰɎɚɚɞɡ ůŮ ůɡɔəɞɚɚɖɛɏɜɖ əŬŰɎůŰŬůɖ 

Rôp0.2, ůŮ N/mm2, ŬɚɚɎ ɧɢɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɞ 70% Űɖɠ ŮɚɎɢɘůŰɖɠ Ůɔɔɡɖɛɏɜɖɠ ŬɜŰɞɢɐɠ ůŮ 

ŮűŮɚəɡůɛɧ Űɞɡ ɛɖŰɟɘəɞɨ ɛŮŰɎɚɚɞɡ ůŮ ůɡɔəɞɚɚɖɛɏɜɖ əŬŰɎůŰŬůɖ Rǋm, ůŮ N/mm2. 

Rôp0.2 = ŮɚɎɢɘůŰɖ Ůɔɔɡɖɛɏɜɖ ŰɎůɖ ŭɘŬɟɟɞɐɠ, ůŮ N/mm2, Űɞɡ ɛŮŰɎɚɚɞɡ ůŮ ůɡɔəɞɚɚɖɛɏɜɖ 

əŬŰɎůŰŬůɖ  

ὙᴂȢ  –Ὑ Ȣ 

Rôm = ŮɚɎɢɘůŰɖ Ůɔɔɡɖɛɏɜɖ ŰɎůɖ ŮűŮɚəɡůɛɞɨ, ůŮ N/mm2, Űɞɡ ɛŮŰɎɚɚɞɡ ůŮ ůɡɔəɞɚɚɖɛɏɜɖ 

əŬŰɎůŰŬůɖ 

Ὑᴂ  –Ὑ  
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Rp0.2 = ŮɚɎɢɘůŰɖ Ůɔɔɡɖɛɏɜɖ ŰɎůɖ ŭɘŬɟɟɞɐɠ, ůŮ N/mm2, Űɞɡ ɛɖŰɟɘəɞɨ ɛŮŰɎɚɚɞɡ ůŮ əŬŰɎůŰŬůɖ 

ˊŬɟɎŭɞůɖɠ 

 

Rm = ŮɚɎɢɘůŰɖ Ůɔɔɡɖɛɏɜɖ ŬɜŰɞɢɐ ŮűŮɚəɡůɛɞɨ, ůŮ N/mm2, Űɞɡ ɛɖŰɟɘəɞɨ ɛŮŰɎɚɚɞɡ ůŮ əŬŰɎůŰŬůɖ 

ˊŬɟɎŭɞůɖɠ 

ɖ1,ɖ2 = əŬɗɞɟɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬɠ V 

ɄɑɜŬəŬɠ V: ȾɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ - ɆɡɜŰŮɚŮůŰɏɠ ɔɘŬ ůɡɔəɞɚɚɖɛɏɜɖ əŬŰŬůəŮɡɐ 

ȾɟɎɛŬ Ŭɚɞɡɛɘɜɑɞɡ – – 

ȾɟɎɛŬŰŬ ɢɤɟɑɠ əŬŰŮɟɔŬůɑŬ ůəɚɐɟɡɜůɖɠ ŮɜŭɞŰɟɎɢɡɜůɖɠ 

(ůŮɘɟɎ 5000 ůŮ əŬŰɎůŰŬůɖ Ƀ ɐ ȼ111) 

1 1 

ȾɟɎɛŬŰŬ ɛŮ əŬŰŮɟɔŬůɑŬ ůəɚɐɟɡɜůɖɠ ŮɜŭɞŰɟɎɢɡɜůɖɠ 

(ůŮɘɟɎ 5000 ŮəŰɧɠ Ŭˊɧ əŬŰɎůŰŬůɖ Ƀ ɐ ȼ111) 

Rôp0.2 / Rp0.2 Rôm / Rm 

ȾɟɎɛŬŰŬ ɛŮ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůəɚɐɟɡɜůɖɠ (ůŮɘɟɎ 

6000)(1) 

Rôp0.2 / Rp0.2 0.6 

Ƀ: ŬɜɧˊŰɖůɖ 

ȼ111: ŮɜŭɞŰɟɎɢɡɜůɖ ŮɚɎɢɘůŰɖɠ ůəɚɖɟɧŰɖŰŬɠ 

1) ȳŰŬɜ ŭŮɜ ɡˊɎɟɢɞɡɜ ˊɚɖɟɞűɞɟɑŮɠ, ɞ ůɡɜŰŮɚŮůŰɐɠ – ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ ɤɠ ɘůɞŭɨɜŬɛɞɠ ɛŮ 

Űɞ ɛŮŰŬɚɚɞɡɟɔɘəɧ ůɡɜŰŮɚŮůŰɐ Ŭˊɧŭɞůɖɠ ɓ 

 

ɄɑɜŬəŬɠ VI: ȾɟɎɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ï ɀŮŰŬɚɚɞɡɟɔɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ Ŭˊɧŭɞůɖɠ ɓ 

ȾɟɎɛŬ Ŭɚɞɡɛɘɜɑɞɡ 
ȾŬŰɎůŰŬůɖ ůəɚɐɟɡɜůɖɠ 

(Temper condition) 

ɄɎɢɞɠ ɧˊɤɠ 

əŬŰŬůəŮɡɎůŰɖəŮ, 

ůŮ mm 

ɓ 

6005A (ȷɜɞɘɢŰɏɠ ŭɘŬŰɞɛɏɠ) ɇ5 ɐ T6 
t Ò 6 0.45 

t > 6 0.40 

6005A (ȾɚŮɘůŰɏɠ ŭɘŬŰɞɛɏɠ) T5 ɐ T6 ȳɚŬ 0.50 

6061 (ȹɘŬŰɞɛɏɠ) T6 ȳɚŬ 0.53 

6082 (ȹɘŬŰɞɛɏɠ) T6 ȳɚŬ 0.45 

ɇ5: ȸŬűɐ ůŮ ɗŮɟɛɞəɟŬůɑŬ ɗŮɟɛɐɠ ɛɞɟűɞˊɞɑɖůɖɠ əŬɘ ŰŮɢɜɖŰɐ ɔɐɟŬɜůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ɡɣɖɚɧŰŮɟɖ ŬɡŰɐɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. 

ɇ6: ŪŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ, ɓŬűɐ əŬɘ ŰŮɢɜɖŰɐ ɔɐɟŬɜůɖ, ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ɡɣɖɚɧŰŮɟɖ ŬɡŰɐɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. 
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ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ůɡɔəɧɚɚɖůɖɠ ŭɨɞ ŭɘŬűɞɟŮŰɘəɩɜ əɟŬɛɎŰɤɜ Ŭɚɞɡɛɘɜɑɞɡ, ɞ ůɡɜŰŮɚŮůŰɐɠ ɡɚɘəɞɨ k 

ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɔɘŬ Űɖ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ ɤɠ ɞ ɛŮɔŬɚɨŰŮɟɞɠ ůɡɜŰŮɚŮůŰɐɠ ɡɚɘəɞɨ Ůə Űɤɜ 

əɟŬɛɎŰɤɜ ˊɞɡ ůɡɜŭɏɞɜŰŬɘ.  

 

2. ɀȺŪɃȹɃɆ ɄȺɄȺɅȷɆɀȺɁɋɁ ɆɇɃȽɉȺȽɋɁ 

2.1 ȺɘůŬɔɤɔɐ 

 

ȼ ɛɏɗɞŭɞɠ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ ɛɘŬ ɡˊɞɚɞɔɘůŰɘəɐ ɛɏɗɞŭɞɠ ˊɟɞůɏɔɔɘůɖɠ Űɖɠ 

ŬɟɘɗɛɖŰɘəɐɠ Ůˊɑɚɡůɖɠ Űɤɜ ɗŮɛŮɚɘɤŭɩɜ ŮɝɘůɩůŮɤɜ ˊɟɞɓɚɖɛɎŰɤɜ ůɡɜŮɢɞɨɠ ɛɏůɞɡ, ɧˊɤɠ ŮɑɜŬɘ ŰŬ 

ˊɟɞɓɚɐɛŬŰŬ ˊŬɟŬɛɞɟűɩůɘɛɤɜ ůŰŮɟŮɩɜ, ŬɜɎɚɡůɖɠ əŬŰŬůəŮɡɩɜ əŬɘ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ, 

ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬɘ ɛɖɢŬɜɘəɐɠ ɟŮɡůŰɩɜ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ 

ŭɘŬəɟɘŰɞˊɞɑɖůɖ, ŭɖɚŬŭɐ Űɖɜ ŬɜŬˊŬɟɎůŰŬůɖ Ůɜɧɠ ůɡɜŮɢɞɨɠ ɛɏůɞɡ ɧˊɤɠ ɛɘŬ əŬŰŬůəŮɡɐ Ŭˊɧ 

ˊŮˊŮɟŬůɛɏɜɞ Ŭɟɘɗɛɧ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɤɜ ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ŮɝɘůɩůŮɘɠ ůɡɜɏɢŮɘŬɠ. 

ũɘŬ Űɖɜ Ůˊɑɚɡůɖ Űɤɜ ŮɝɘůɩůŮɤɜ ŬɡŰɩɜ əŬŰɎ Űɖɜ ɛɖŰɟɤɘəɐ ŬɜɎɚɡůɖ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɘɜ ɞɘ 

ŮɝɘůɩůŮɘɠ ɘůɞɟɟɞˊɑŬɠ əɎɗŮ ůŰɞɘɢŮɑɞɡ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ɕɖŰɞɨɛŮɜɤɜ ɛŮɔŮɗɩɜ.  

ũɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Ŭˊɧəɟɘůɖɠ ɛɘŬɠ əŬŰŬůəŮɡɐɠ ɖ ɛɖŰɟɤɘəɐ Ůɝɑůɤůɖ ɘůɞɟɟɞˊɑŬɠ 

ˊŬɑɟɜŮɘ Űɖ ɛɞɟűɐ F=KU, ɧˊɞɡ F ŮɑɜŬɘ Űɞ ŭɘɎɜɡůɛŬ Űɤɜ ŮɝɤŰŮɟɘəɩɜ űɞɟŰɑůŮɤɜ, Ⱦ ŮɑɜŬɘ Űɞ ɛɖŰɟɩɞ 

ŭɡůəŬɛɣɑŬɠ əŬɘ U ŮɑɜŬɘ Űɞ ŭɘɎɜɡůɛŬ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ. 

ȾŬŰɎ Űɞɜ ůɢŮŭɘŬůɛɧ Ůɜɧɠ ˊɚɞɑɞɡ  ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ŬɜɎɚɡůɖ Űɖɠ ŭɞɛɘəɐɠ əŬŰɎůŰŬůɖɠ Űɞɡ, ˊɞɡ 

ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ ɛŮ Űɖ ɢɟɐůɖ Űɖɠ ɛŮɗɧŭɞɡ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɤɠ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ 

Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŭɘŬůŰŬůɘɞɚɧɔɖůɖɠ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ (ɧˊɤɠ ɞɘ ŭɘŬŰɞɛɏɠ, ŰŬ ˊɎɢɖ, ɞɘ 

ŬˊɞůŰɎůŮɘɠ) ɩůŰŮ ɜŬ ůɡɛɛɞɟűɩɜɞɜŰŬɘ ɛŮ ŰŬ əɟɘŰɐɟɘŬ Ŭˊɞŭɞɢɐɠ əŬɘ ɜŬ əŬɗɞɟɑɕɞɜŰŬɘ ŰŬ ůɖɛŮɑŬ 

ůɡɔəɏɜŰɟɤůɖɠ ŰɎůŮɤɜ, ůɨɛűɤɜŬ ɛŮ Űɘɠ ɡˊɞɗɏůŮɘɠ ŮűŬɟɛɞɕɧɛŮɜɤɜ űɞɟŰɑɤɜ əŬɘ ůɡɜɞɟɘŬəɩɜ 

ůɡɜɗɖəɩɜ əŬŰɎ Űɖɜ ŬɜɎɚɡůɖ. 

ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɛŮɗɧŭɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ ůŰɎŭɘŬ Űɖɠ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬɠ, Űɖɠ Ůˊɑɚɡůɖɠ əŬɘ Űɖɠ 

ɛŮŰ-ŮˊŮɝŮɟɔŬůɑŬɠ. 

1) ɇɞ ůŰɎŭɘɞ Űɖɠ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬɠ ˊŮɟɘɚŬɛɓɎɜŮɘ: 

¶ ɀɞɜŰŮɚɞˊɞɑɖůɖ əŬŰŬůəŮɡɐɠ ɛŮ Ůˊɘɚɞɔɐ ŭɘŬůŰŬůɘɞɚɞɔɘəɩɜ ůŰɞɘɢŮɑɤɜ, ɢɤɟɘəɐ 

ŬɜŬˊŬɟɎůŰŬůɖ ɛɞɜŰɏɚɞɡ. 
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¶ ȺűŬɟɛɞɔɐ ɘŭɘɞŰɐŰɤɜ ɡɚɘəɞɨ, ůɢɖɛŬŰɘůɛɧɠ ɛɖŰɟɩɤɜ ŭɡůəŬɛɣɑŬɠ ůŰɞɘɢŮɑɤɜ əŬɘ 

ůɡůŰɐɛŬŰɞɠ. 

¶ ȹɘŬəɟɘŰɞˊɞɑɖůɖ ɛɞɜŰɏɚɞɡ ůŮ ˊɚɏɔɛŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ɞɟɘůɛɧɠ ɓŬɗɛɩɜ 

ŮɚŮɡɗŮɟɑŬɠ əŬɘ ůɡɜɏɢŮɘŬɠ əɧɛɓɤɜ. 

¶ Ⱥˊɘɚɞɔɐ ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ, ŭɏůɛŮɡůɖ ɓŬɗɛɩɜ ŮɚŮɡɗŮɟɑŬɠ. 

¶ ȺűŬɟɛɞɔɐ ŮɝɤŰŮɟɘəɩɜ űɞɟŰɑůŮɤɜ. 

2) ɇɞ ůŰɎŭɘɞ Űɖɠ Ůˊɑɚɡůɖɠ ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɤɜ ɕɖŰɞɨɛŮɜɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ ůŰɞ ˊɟɧɔɟŬɛɛŬ ŬɜɎɚɡůɖɠ. 

3) ɇɞ ůŰɎŭɘɞ Űɖɠ ɛŮŰ-ŮˊŮɝŮɟɔŬůɑŬɠ ɛŮ Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ŮűŬɟɛɞɔɐ əɟɘŰɖɟɑɤɜ 

Ŭˊɞŭɞɢɐɠ, ˊɟɞůŭɘɞɟɘůɛɧ ɓɏɚŰɘůŰɖɠ ɚɨůɖɠ. 

ɆɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŬɜŬɚɡŰɘəɐɠ əŬɘ ˊŮɘɟŬɛŬŰɘəɐɠ ŬɜɎɚɡůɖɠ, ɖ ɛɏɗɞŭɞɠ Űɤɜ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ ˊɘɞ Ŭəɟɘɓɐɠ ůŮ ˊɞɚɨˊɚɞəŮɠ əŬŰŬůəŮɡɏɠ, ˊɘɞ ɔɟɐɔɞɟɖ əŬɘ ɎɟŬ ́ɘɞ 

ɞɘəɞɜɞɛɘəɐ əŬɘ ɛˊɞɟŮɑ ɜŬ ŬˊɞűɏɟŮɘ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŮɠ əŬŰŬůəŮɡɏɠ ŰɞˊɘəɎ əŬɘ ɞɚɘəɎ ůŮ ɛŮɘɤɛɏɜɞ 

ɓɎɟɞɠ əŬɘ ɡɣɖɚɐ ŬɝɘɞˊɘůŰɑŬ əŬɘ ŬůűɎɚŮɘŬ. 

 

2.2 ȸŬůɘəɐ ɗŮɤɟɑŬ 

2.2.1 ɇɎůŮɘɠ əŬɘ ɘůɞɟɟɞˊɑŬ 

 

ȰɜŬ ůɩɛŬ 3 ŭɘŬůŰɎůŮɤɜ əŬŰŬɚŬɛɓɎɜŮɘ ɧɔəɞ V ɛŮ ŮˊɘűɎɜŮɘŬ S əŬɘ ŰŬ ůɖɛŮɑŬ Űɞɡ ɞɟɑɕɞɜŰŬɘ Ŭˊɧ 

Űɘɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ x,y,z, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 1. 
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ȺɘəɧɜŬ 1: ɆɩɛŬ 3 ŭɘŬůŰɎůŮɤɜ(10) 

 

ɆŰɞ ˊŬɟɎŭŮɘɔɛŬ ŬɡŰɧ, Űɞ ůɩɛŬ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞ ůɨɜɞɟɞ Su, ɏɢŮɘ ŭɖɚŬŭɐ ŭŮůɛŮɡɛɏɜɞɡɠ ɓŬɗɛɞɨɠ 

ŮɚŮɡɗŮɟɑŬɠ, ɧˊɞɡ ɞɟɑɕŮŰŬɘ ɛɖŭŮɜɘəɐ ɛŮŰŬŰɧˊɘůɖ u=0, əŬɘ Űɞɡ ŬůəŮɑŰŬɘ əŬŰŬɜŮɛɖɛɏɜɖ ŭɨɜŬɛɖ ŬɜɎ 

ɛɞɜɎŭŬ ɧɔəɞɡ f, ɧˊɤɠ ŮɑɜŬɘ Űɞ ɓɎɟɞɠ, əŬŰŬɜŮɛɖɛɏɜɖ ŭɨɜŬɛɖ ŬɜɎ ɛɞɜɎŭŬ ŮˊɘűŬɜŮɑŬɠ ɇ əŬɘ 

ůɡɔəŮɜŰɟɤɛɏɜɖ ŭɨɜŬɛɖ Ʌ. ɆŰɖ ɔŮɜɘəɐ ˊŮɟɑˊŰɤůɖ ŰŬ ŮɝɤŰŮɟɘəɎ ŮˊɘɓŬɚɚɧɛŮɜŬ űɞɟŰɑŬ ŬɜŬɚɨɞɜŰŬɘ 

ůŮ 3 ůɡɜɘůŰɩůŮɠ ůŰɞ ɢɩɟɞ: 

Ὢ

Ὢ
Ὢ

Ὢ

 ,  

 
 

 
, ὖ

ὖ
ὖ

ὖ
 

ȼ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ůɖɛŮɑɞɡ x ɛŮ ůɡɜŰŮŰŬɔɛɏɜŮɠ x,y,z ŭɑɜŮŰŬɘ ɛŮ Űɘɠ 3 ůɡɜɘůŰɩůŮɠ ɛŮŰŬŰɧˊɘůɖɠ: 

ό όØȟÙȟÚ 

όØȟÙȟÚ 

ὺØȟÙȟÚ 

ύØȟÙȟÚ 

 

 

Ƀɘ ŰɎůŮɘɠ ˊɞɡ ŮɜŮɟɔɞɨɜ ůŰɞ ůŰɞɘɢŮɘɩŭɖ ɧɔəɞ dV ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 2. 
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ȺɘəɧɜŬ 2: ȽůɞɟɟɞˊɑŬ ůŰɞɘɢŮɘɩŭɞɡɠ ůŰɞɘɢŮɑɞɡ 

 

ȳŰŬɜ ɞ ɧɔəɞɠ dV ŰŮɑɜŮɘ ůŮ ɏɜŬ ůɖɛŮɑɞ, ɞ ŰŬɜɡůŰɐɠ Űɤɜ ŰɎůŮɤɜ ˊŬɟɘůŰɎɜŮŰŬɘ ɛŮ Űɘɠ ůɡɜɘůŰɩůŮɠ 

Űɞɡ ůŮ ɏɜŬ ɛɖŰɟɩɞ 3 x 3: 

„

„ „ „
„ „ „
„ „ „

 

ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖ ůɡɛɛŮŰɟɑŬ, ɖ ŰɎůɖ ˊŬɟɘůŰɎɜŮŰŬɘ ɛŮ Űɘɠ 6 ŬɜŮɝɎɟŰɖŰŮɠ ůɡɜɘůŰɩůŮɠ ɤɠ: 

„ „ȟ„ȟ„ȟ† ȟ† ȟ†  

ɧˊɞɡ „ȟ„ȟ„  ŮɑɜŬɘ ɞɘ əɎɗŮŰŮɠ ɞɟɗɏɠ ŰɎůŮɘɠ əŬɘ † ȟ† ȟ†  ɞɘ ŭɘŬŰɛɖŰɘəɏɠ ŰɎůŮɘɠ, ɧˊɤɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 3. 
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ȺɘəɧɜŬ 3 (Ŭ) ŰɟɘůŭɘɎůŰŬŰɞɠ űɞɟɏŬɠ, (ɓ) ůŰɞɘɢŮɘɩŭŮɠ ůŰŮɟŮɧ ŰɎůŮɤɜ, (ɔ) ɞɟɗɐ ŭɡɜŬŰɐ 

ˊŬɟŬɛɧɟűɤůɖ, (ŭ) ŭɘŬŰɛɖŰɘəɐ ŭɡɜŬŰɐ ˊŬɟŬɛɧɟűɤůɖ 

 

ȷɜ ɗŮɤɟɐůɞɡɛŮ ɘůɞɟɟɞˊɑŬ Űɞɡ ůŰɞɘɢŮɘɩŭɞɡɠ ɧɔəɞɡ ɧˊɤɠ ɡˊɞŭŮɘəɜɨŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 2, 

ɡˊɞɚɞɔɑɕɞɜŰŬɠ Űɘɠ ŭɡɜɎɛŮɘɠ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɚɚŬˊɚŬůɘɎɕɞɜŰŬɠ Űɘɠ ŰɎůŮɘɠ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ 

ŮˊɘűɎɜŮɘŮɠ əŬɘ ɚŬɛɓɎɜɞɜŰŬɠ ɆFx=0, ɆFy=0, ɆFz=0 əŬɘ dV=dx dy dz, ˊŬɑɟɜɞɡɛŮ Űɘɠ ŮɝɘůɩůŮɘɠ 

ɘůɞɟɟɞˊɑŬɠ: 

‬„

‬ὼ

‬†

‬ώ

‬†

‬ᾀ
Ὢ π 

‬†

‬ὼ

‬„

‬ώ

‬†

‬ᾀ
Ὢ π 

‬†

‬ὼ

‬†

‬ώ

‬„

‬ᾀ
Ὢ π 
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2.2.2 ɆɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ 

 

ɆŰɖɜ ȺɘəɧɜŬ 1 ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɡˊɎɟɢɞɡɜ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ɛŮŰŬŰɧˊɘůɖɠ əŬɘ ůɡɜɗɐəŮɠ 

ŮˊɘűŬɜŮɘŬəɐɠ űɧɟŰɘůɖɠ. ȼ ɛŮŰŬŰɧˊɘůɖ u ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ ŰɛɐɛŬ Űɞɡ ůɡɜɧɟɞɡ Su ɩůŰŮ 

ό π „†‛ 3  

ɀˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ůɡɜɞɟɘŬəɐ ůɡɜɗɐəɖ ό Á, ɧˊɞɡ a ŭŮŭɞɛɏɜɖ ɛŮŰŬŰɧˊɘůɖ. 

ȷɜ ɗŮɤɟɖɗŮɑ ɘůɞɟɟɞˊɑŬ Ůɜɧɠ ůŰɞɘɢŮɘɩŭɞɡɠ ŰŮŰɟɎŮŭɟɞɡ ABCD ɧˊɤɠ ůŰɖɜ ȺɘəɧɜŬ 4, ɧˊɞɡ DA, DB, 

DC ˊŬɟɎɚɚɖɚŬ ůŰɞɡɠ ɎɝɞɜŮɠ x,y,z ŬɜŰɑůŰɞɘɢŬ əŬɘ ABC ɖ ˊŮɟɘɞɢɐ dA ůŰɖɜ ŮˊɘűɎɜŮɘŬ. ȷɜ  

ὲ ὲȟὲȟὲ Űɞ əɎɗŮŰɞ ɛɞɜŬŭɘŬɑɞ ŭɘɎɜɡůɛŬ Űɖɠ dA ŰɧŰŮ 

"$#ὲÄ!ȟ!$#ὲÄ!ȟ!$"ὲÄ!  

ȿɧɔɤ ɘůɞɟɟɞˊɑŬɠ ɏɢɞɡɛŮ 

„ὲ † ὲ † ὲ    

† ὲ „ὲ † ὲ    

† ὲ † ὲ „ὲ    

ȷɡŰɏɠ ɞɘ ůɡɜɗɐəŮɠ ˊɟɏˊŮɘ ɜŬ ɘəŬɜɞˊɞɘɞɨɜŰŬɘ ůŰɞ ůɨɜɞɟɞ Sɇ ɧˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ŮűŮɚəɡůɛɧɠ. 

ɇŬ ůɖɛŮɘŬəɎ űɞɟŰɑŬ ˊɟɏˊŮɘ ɜŬ ŭɘŬɢŮɘɟɑɕɞɜŰŬɘ ɤɠ űɞɟŰɑŬ əŬŰŬɜŮɛɖɛɏɜŬ Ůˊɑ ɛɘəɟɩɜ ŬɚɚɎ 

ˊŮˊŮɟŬůɛɏɜɤɜ ˊŮɟɘɞɢɩɜ. 
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ȺɘəɧɜŬ 4: ɆŰɞɘɢŮɘɩŭɖɠ ɧɔəɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

 

2.2.3 ɆɢɏůŮɘɠ ˊŬɟŬɛɧɟűɤůɖɠ ɛŮŰŬŰɧˊɘůɖɠ 

 

ũɘŬ ɛɘəɟɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ɗŮɤɟɞɨɛŮ ɧŰɘ ɘůɢɨɞɡɜ ɞɘ ɔɟŬɛɛɘəɏɠ ůɢɏůŮɘɠ ɔɘŬ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ 

‐ ‐ȟ‐ȟ‐ȟ‎ ȟ‎ȟ‎
‬ό

‬ὼ
ȟ
‬ὺ

‬ώ
ȟ
‬ύ

‬ᾀ
ȟ
‬ὺ

‬ᾀ

‬ύ

‬ώ
ȟ
‬ό

‬ᾀ

‬ύ

‬ὼ
ȟ
‬ό

‬ώ

‬ὺ

‬ὼ
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2.2.4 ɆɢɏůŮɘɠ ŰɎůɖɠ ˊŬɟŬɛɧɟűɤůɖɠ 

 

ũɘŬ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɎ ɡɚɘəɎ, ɞɘ ůɢɏůŮɘɠ ŰɎůɖɠ ˊŬɟŬɛɧɟűɤůɖɠ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞɜ ɔŮɜɘəŮɡɛɏɜɞ 

əŬɜɧɜŬ Űɞɡ Hooke. ũɘŬ ɘůɧŰɟɞˊŬ ɡɚɘəɎ ɞɘ ɘŭɘɧŰɖŰŮɠ ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ 

Young E əŬɘ Űɞ ɚɧɔɞ ɜ Űɞɡ Poisson. ŪŮɤɟɩɜŰŬɠ ůŰɞɘɢŮɘɩŭɖ əɨɓɞ ůŮ ɏɜŬ ůɩɛŬ Ŭˊɧ ɜɧɛɞ Űɞɡ 

Hooke ɏɢɞɡɛŮ 

‐
„

ῴ
’
„

ῴ
’
„

ῴ
 

‐ ’
„

ῴ

„

ῴ
’
„

ῴ
 

‐ ’
„

ῴ
’
„

ῴ

„

ῴ
 

‎
†

Ὃ
 

‎
†

Ὃ
 

‎
†

Ὃ
 

ȳˊɞɡ G Űɞ ɛɏŰɟɞ ŭɘɎŰɛɖůɖɠ ɐ ŭɡůəŬɛɣɑŬɠ  

Ὃ
ῴ

ςρ ’
 

ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ  

‐ ‐ ‐
ρ ς’

ῴ
„ „ „  

ȰŰůɘ, ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ ůŰɘɠ Ɏɜɤ ůɢɏůŮɘɠ ɏɢɞɡɛŮ ŬɜŰɑůŰɟɞűŬ 

„ Ὀ‐ 

ɧˊɞɡ D Űɞ ɛɖŰɟɩɞ ŰɎůŮɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ, ŮəűɟɎɕŮɘ Űɞɜ əŬŰŬůŰŬŰɘəɧ ɜɧɛɞ Űɞɡ ɡɚɘəɞɨ, ŭɑɜŮŰŬɘ 

ɤɠ 
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Ὀ
ῴ

ρ ’ ρ ’

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ ’ ’ ’ π π π
’ ρ ’ ’ π π π
’ ’ ρ ’ π π π

π π π
ρ

ς
’ π π

π π π π
ρ

ς
’ π

π π π π π
ρ

ς
’Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

 

2.2.5 ȺˊɑŭɟŬůɖ ɗŮɟɛɞəɟŬůɑŬɠ 

 

ȼ ŬɚɚŬɔɐ ɗŮɟɛɞəɟŬůɑŬɠ ůŮ ɘůɧŰɟɞˊŬ ɡɚɘəɎ ˊɟɞəŬɚŮɑ ɞɛɞɘɧɛɞɟűɖ ˊŬɟŬɛɧɟűɤůɖ, ˊɞɡ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ Űɞɜ ůɡɜŰŮɚŮůŰɐ ɔɟŬɛɛɘəɐɠ ŭɘŬůŰɞɚɐɠ Ŭ Űɞɡ ɡɚɘəɞɨ, ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖ ɛŮŰŬɓɞɚɐ ɛɐəɞɡɠ 

ŬɜɎ ɛɞɜɎŭŬ Ŭɨɝɖůɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. ȼ ˊŬɟŬɛɧɟűɤůɖ ŬɡŰɐ ŭŮɜ ˊɟɞəŬɚŮɑ ŰɎůŮɘɠ ɧŰŬɜ Űɞ ůɩɛŬ 

ŮɑɜŬɘ ŮɚŮɨɗŮɟɞ. ȼ ɗŮɟɛɞəɟŬůɘŬəɐ ˊŬɟŬɛɧɟűɤůɖ ɚɞɔɑɕŮŰŬɘ ɤɠ Ŭɟɢɘəɐ ˊŬɟŬɛɧɟűɤůɖ 

‐ ‌ῳ ȟ‌ῳ ȟ‌ῳ ȟπȟπȟπ  

əŬɘ ɖ ůɢɏůɖ ŰɎůɖɠ ˊŬɟŬɛɧɟűɤůɖɠ ŮɑɜŬɘ 

„ Ὀ‐ ‐  

2.2.6 ȹɡɜŬɛɘəɐ ŮɜɏɟɔŮɘŬ əŬɘ ɘůɞɟɟɞˊɑŬ 

 

ȰɢɞɜŰŬɠ Űɖ ɔŮɤɛŮŰɟɑŬ Űɖɠ əŬŰŬůəŮɡɐɠ, Űɞɜ əŬŰŬůŰŬŰɘəɧ ɜɧɛɞ Űɞɡ ɡɚɘəɞɨ, Űɘ; Ŭɟɢɘəɏɠ űɞɟŰɑůŮɘɠ 

əŬɘ Űɘɠ ŭŮůɛŮɡɛɏɜŮɠ əɘɜɐůŮɘɠ ůŰŬ ůɖɛŮɑŬ ůŰɐɟɘɝɖɠ, ɕɖŰɞɨɛŮɜɞ ŮɑɜŬɘ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɞɘ 

ɎɔɜɤůŰŮɠ ɛŮŰŬŰɞˊɑůŮɘɠ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ ŰɎůŮɘɠ. ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ 

ɢɟŮɘɎɕŮŰŬɘ ɖ Ůˊɑɚɡůɖ ɛŮɟɘəɩɜ ŭɘŬűɞɟɘəɩɜ ŮɝɘůɩůŮɤɜ, ɛŮ Űɖɜ Ŭəɟɘɓɐ ɚɨůɖ ɜŬ ˊɟɞɦˊɞɗɏŰŮɘ Ŭˊɚɐ 

ɔŮɤɛŮŰɟɑŬ əŬɘ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ. ɆŮ ůɨɜɗŮŰŬ ˊɟɞɓɚɐɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ˊɟɞůŮɔɔɘůŰɘəɏɠ 

ɛɏɗɞŭɞɘ ɛŮ ŰŮɢɜɘəɏɠ ŭɡɜŬɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ, ˊɞɡ ɗɏŰɞɡɜ ůɡɜŬɟŰɐůŮɘɠ ɛŮ ɚɘɔɧŰŮɟɞ ˊŮɟɘɞɟɘůŰɘəɏɠ 

ůɡɜɗɐəŮɠ. 

ȼ ůɡɜɞɚɘəɐ ŭɡɜŬɛɘəɐ ŮɜɏɟɔŮɘŬ Ʉ Ůɜɧɠ ŮɚŬůŰɘəɞɨ ůɩɛŬŰɞɠ ɞɟɑɕŮŰŬɘ ɤɠ Űɞ ɎɗɟɞɘůɛŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ˊŬɟŬɛɧɟűɤůɖɠ əŬɘ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ˊŬɟŬɔɤɔɐɠ ɏɟɔɞɡ 

  Ὗ ὡὖ 

 
ρ

ς
„‐Ὠὠ όὪὨὠ όὝὨὛ όὖ  
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ŪŮɤɟɞɨɛŮ ůɡůŰɐɛŬŰŬ ŭɘŬŰɐɟɖůɖɠ ɧˊɞɡ Űɞ ɏɟɔɞ Űɞɡ ŭɡɜŬɛɘəɞɨ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɞ Űɖɠ 

ɗŮɤɟɞɨɛŮɜɖɠ ŭɘŬŭɟɞɛɐɠ, ŭɖɚŬŭɐ Ŭɜ Űɞ ůɨůŰɖɛŬ ɛŮŰŬŰɞˊɑɕŮŰŬɘ Ŭˊɧ ŭŮŭɞɛɏɜɖ ɛɞɟűɐ əŬɘ 

ŮˊŬɜɏɟɢŮŰŬɘ ůŰɖɜ ɑŭɘŬ əŬŰɎůŰŬůɖ, ɞɘ ŭɡɜɎɛŮɘɠ ˊŬɟɎɔɞɡɜ ɛɖŭŮɜɘəɧ ɏɟɔɞ ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɖ 

ŭɘŬŭɟɞɛɐ ɛŮŰŬŰɧˊɘůɖɠ. ȼ Ŭɟɢɐ Űɖɠ ŮɚɎɢɘůŰɖɠ ŭɡɜŬɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɞɟɑɕŮŰŬɘ ɤɠ: 

ũɘŬ ŰŬ ůɡůŰɐɛŬŰŬ ŭɘŬŰɐɟɖůɖɠ, Ŭˊô ɧɚŬ ŰŬ ˊŮŭɑŬ ŮˊɘŰɟŮˊŰɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ, ŬɡŰɎ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ 

ůŮ ɘůɞɟɟɞˊɑŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŬəɟɧŰŬŰŬ ɞɚɘəɐɠ ŭɡɜŬɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ. ȷɜ Űɞ ŬəɟɧŰŬŰɞ ŮɑɜŬɘ 

ŮɚɎɢɘůŰɞ, ɖ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ŮɑɜŬɘ ůŰŬɗŮɟɐ. 

ȺˊɘŰɟŮˊŰɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ ɘəŬɜɞˊɞɘɞɨɜ Űɖ ůɡɛɓŬŰɧŰɖŰŬ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ əŬɘ Űɘɠ 

ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ. 

2.2.7 ɀɏɗɞŭɞɠ Rayleigh ï Ritz 

 

ȼ ɛɏɗɞŭɞɠ Rayleigh ï Ritz ́ ŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ əŬŰŬůəŮɡɐ Ůɜɧɠ ɡˊɞŰɘɗɏɛŮɜɞɡ ˊŮŭɑɞɡ ɛŮŰŬŰɞˊɑůŮɤɜ, 

ŭɖɚŬŭɐ 

ό ‌• ὼȟώȟᾀ ̆ Ὥ ρ ʘὰ ‟‫ 

ὺ ‌• ὼȟώȟᾀ ̆ Ὦ ὰ ρ ʘά ‟‫ 

ύ ‌• ὼȟώȟᾀ ̆ Ὧ ά ρ ʘὲȟὲ ‟‫ ά ὰ 

Ƀɘ ůɡɜŬɟŰɐůŮɘɠ • ɚŬɛɓɎɜɞɜŰŬɘ ɤɠ ˊɞɚɡɩɜɡɛŬ, ɛŮ Űɘɠ ŮˊɘŰɟŮˊŰɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ əŬɘ ůɡɜɞɟɘŬəɏɠ 

ůɡɜɗɐəŮɠ. ɇɧŰŮ ɖ ůɡɜɞɚɘəɐ ŭɡɜŬɛɘəɐ ŮɜɏɟɔŮɘŬ ŮɑɜŬɘ 

   ‌ȟ‌ȟȣ‌  

ɧˊɞɡ r ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ ŬɔɜɩůŰɤɜ. ɇŬ ŬəɟɧŰŬŰŬ ɤɠ ˊɟɞɠ ‌ ŭɑɜɞɡɜ Űɞ ůɨɜɞɚɞ r 

ŮɝɘůɩůŮɤɜ 

‬ 

‬‌
π ȟ Ὥ ρȟςȟȢȢÒ  
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2.2.8 ɀɏɗɞŭɞɠ Galerkin 

 

H ɛɏɗɞŭɞɠ Galerkin ůɡɜɐɗɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɤɠ ɛɑŬ Ŭˊô Űɘɠ ɛŮɗɧŭɞɡɠ ůŰŬɗɛɘəɩɜ ɡˊɞɚɞɑˊɤɜ, ɖ 

ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑ Űɞ ůɨɜɞɚɞ Űɤɜ ŮɝɘůɩůŮɤɜ ůŰɖɜ ŬɜɎˊŰɡɝɖ Ůɜɧɠ Űɨˊɞɡ ɞɚɞəɚɖɟɩɛŬŰɞɠ. ȰůŰɤ 

ɖ ɔŮɜɘəɐ ˊŬɟɎůŰŬůɖ Űɖɠ ŭɘɏˊɞɡůŬɠ Ůɝɑůɤůɖɠ ůŮ ɛɘŬ ˊŮɟɘɞɢɐ V: 

ὒό ὖ 

ɀɘŬ ˊɟɞůŮɔɔɘůŰɘəɐ ɚɨůɖ ŮɘůɎɔŮɘ ɏɜŬ ůűɎɚɛŬ Ů(x), Űɞ ɡˊɧɚɞɘˊɞ: 

ʀØ ὒό ὖ 

Ƀɘ ́ɟɞůŮɔɔɘůŰɘəɏɠ ɚɨůŮɘɠ ɗɏŰɞɡɜ Űɞ ɡˊɧɚɞɘˊɞ ɛŮ ɛɘŬ ůŰŬɗɛɘəɐ ůɡɜɎɟŰɖůɖ Wi ɑůɞ ɛŮ ɛɖŭɏɜ: 

7̂ὒό ὖ̃ Ὠὠ π ȟ Ὥ ρ ʘὲ ‟‫  

ȼ Ůˊɘɚɞɔɐ Űɖɠ ůŰŬɗɛɘəɐ ůɡɜɎɟŰɖůɖ Wi ɞŭɖɔŮɑ ůŮ ŭɘɎűɞɟŮɠ ˊɟɞůŮɔɔɘůŰɘəɏɠ ɛŮɗɧŭɞɡɠ. ɆŰɖ ɛɏɗɞŭɞ 

Galerkin ɞɘ ůŰŬɗɛɘəɏɠ ůɡɜŬɟŰɐůŮɘɠ Wi ŮˊɘɚɏɔɞɜŰŬɘ Ŭˊɧ Űɘɠ ůɡɜŬɟŰɐůŮɘɠ ɓɎůŮɤɠ, ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɖɠ ό: 

ό ὗὋ 

ɧˊɞɡ Ὃ , i=1 ɏɤɠ n, ɞɘ ůɡɜŬɟŰɐůŮɘɠ ɓɎůŮɤɠ (ˊɞɚɡɩɜɡɛŬ x,y,z). ȺˊɘɚɏɔŮŰŬɘ ɞɘ ůŰŬɗɛɘəɏɠ 

ůɡɜŬɟŰɐůŮɘɠ ɜŬ ŮɑɜŬɘ ɏɜŬɠ ɔɟŬɛɛɘəɧɠ ůɡɜŭɡŬůɛɧɠ Űɤɜ ůɡɜŬɟŰɐůŮɤɜ ɓɎůŮɤɠ Ὃ, ɩůŰŮ ɖ 

ůɡɜɎɟŰɖůɖ ű ɜŬ ŭɑɜŮŰŬɘ Ŭˊɧ  

• •Ὃ 

ɧˊɞɡ ɞɘ ůɡɜŰŮɚŮůŰɏɠ • ŮɑɜŬɘ ŬɡɗŬɑɟŮŰɞɘ, ɛŮ Űɖɜ ŬˊŬɑŰɖůɖ ɖ ű ɜŬ ɘəŬɜɞˊɞɘŮɑ ɞɛɞɔŮɜŮɑɠ (ɛɖŭŮɜɘəɏɠ) 

ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ɧˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ό. 

ȰŰůɘ, ŮˊɘɚɏɔɞɡɛŮ Ὃ əŬɘ ˊɟɞůŭɘɞɟɑɕɞɡɛŮ ŰŬ ὗ Űɖɠ ό ɩůŰŮ 

•̂ ὒό ὖ̃ Ὠὠ π ȟ ‎―‌ ‖ʗ—‐ • 

ŪŮɤɟɩɜŰŬɠ ɧŰɘ ɓɟɘůəɧɛŬůŰŮ ůŰɖɜ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɖɜ ὒό ὖ ɛŮ Űɘɠ 

ŮɝɘůɩůŮɘɠ ɘůɞɟɟɞˊɑŬɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ˊɟɞɖɔɞɡɛɏɜɤɠ əŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ ɗŮɩɟɖɛŬ Green-

Gauss ɐ ɗŮɩɟɖɛŬ Űɖɠ Ŭˊɧəɚɘůɖɠ əŬŰŬɚɐɔɞɡɛŮ ůŰɞɜ Űɨˊɞ ɛŮŰŬɓɞɚɩɜ Űɞɡ Galerkin 
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„‐•Ὠὠ •ὪὨὠ •ὝὨὛ •ὖ π 

ɐ, Ŭɟɢɐ Űɤɜ ŭɡɜŬŰɩɜ ɏɟɔɤɜ, ˊɞɡ ɞɟɑɕŮŰŬɘ ɤɠ 

ȰɜŬ ůɩɛŬ ŮɑɜŬɘ ůŮ ɘůɞɟɟɞˊɑŬ ŮɎɜ Űɞ ŮůɤŰŮɟɘəɧ ŭɡɜŬŰɧ ɏɟɔɞ ɘůɞɨŰŬɘ ɛŮ Űɞ ŮɝɤŰŮɟɘəɧ ŭɡɜŬŰɧ ɏɟɔɞ 

ɔɘŬ əɎɗŮ əɘɜɖŰɘəɎ ŮˊɘŰɟŮˊŰɧ ˊŮŭɑɞ ɛŮŰŬŰɞˊɑůŮɤɜ (ű,Ů(ű)). 

 

2.2.9 ȷɟɢɐ Saint Venant 

 

ɆɡɢɜɎ ɔɘŬ Űɞɜ ɞɟɘůɛɧ Űɤɜ ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ ˊɟɏˊŮɘ ɜŬ əɎɜɞɡɛŮ ˊɟɞůŮɔɔɑůŮɘɠ ɔɘŬ Űɖɜ 

ŬɜŬˊŬɟɎůŰŬůɖ ɛɘŬɠ ůŰɐɟɘɝɖɠ. Ƀ Saint Venant ɗŮɩɟɖůŮ Űɖɜ ŮˊɑŭɟŬůɖ ŭɘŬűɞɟŮŰɘəɩɜ ˊɟɞůŮɔɔɑůŮɤɜ 

ůŰɖ ɚɨůɖ Űɞɡ ůɡɜɞɚɘəɞɨ ˊɟɞɓɚɐɛŬŰɞɠ. ȼ Ŭɟɢɐ Űɞɡ Saint Venant ɞɟɑɕŮɘ ˊɤɠ Ůűɧůɤɜ ɞɘ ŭɘɎűɞɟŮɠ 

ˊɟɞůŮɔɔɑůŮɘɠ ŮɑɜŬɘ ůŰŬŰɘəɎ ɘůɞŭɨɜŬɛŮɠ, ɞɘ ɚɨůŮɘɠ ɗŬ ŮɑɜŬɘ ɏɔəɡɟŮɠ ɡˊɧ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɜŬ 

ŮůŰɘɎɕɞɡɛŮ ůŮ ˊŮɟɘɞɢɏɠ ŬɟəŮŰɎ ɛŬəɟɘɎ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ ůŰɐɟɘɝɖɠ, ŭɖɚŬŭɐ ɞɘ ɚɨůŮɘɠ ŮɜŭɏɢŮŰŬɘ ɜŬ 

ŭɘŬűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ɛɧɜɞ ŮɜŰɧɠ ˊŮɟɘɞɢɐɠ ɎɛŮůɖɠ ɔŮɘŰɜɑŬůɖɠ ɛŮ Űɖɜ ůŰɐɟɘɝɖ.  

 

2.3 ɀɏɗɞŭɞɘ ɡˊɞɚɞɔɘůɛɞɨ 

 

Ƀɘ əŬɜɞɜɘůɛɞɑ ɜɖɞɔɜɤɛɧɜɤɜ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ɞ DNVGL-CG-0127 Sec.1, 1.3(3) ˊŬɟɏɢɞɡɜ 

ɞŭɖɔɑŮɠ ɔɘŬ ŰɟɑŬ ŮˊɑˊŮŭŬ ŬɜɎɚɡůɖɠ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ: 

Ŭ) ȷɜɎɚɡůɖ ŬɜŰɞɢɐɠ Űɞɡ ůɡɜɧɚɞɡ Űɞɡ ˊɚɞɑɞɡ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ɛŮŰŬɚɚɘəɐɠ 

əŬŰŬůəŮɡɐɠ. 

ɓ) ȷɜɎɚɡůɖ ŬɜŰɞɢɐɠ ŰɛɐɛŬŰɞɠ ˊɚɞɑɞɡ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ, əɨɟɘɤɜ 

ŮɜɘůɢɨůŮɤɜ əŬɘ űɟŬəŰɩɜ. 

ɔ) ɇɞˊɘəɐ ŬɜɎɚɡůɖ ŭɞɛɐɠ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ ɚŮˊŰɞɛŮɟŮɘɩɜ Űɖɠ əŬŰŬůəŮɡɐɠ. 
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ȺɘəɧɜŬ 5: ɇɡˊɘəɧ ɞɚɘəɧ ɛɞɜŰɏɚɞ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ Ůɜɧɠ əɟɞɡŬɕɘŮɟɧˊɚɞɘɞɡ 

 

2.3.1 ɆɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ 

 

ũɘŬ Űɞɜ ɞɟɘůɛɧ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůɡɜŰŮŰŬɔɛɏɜɤɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɏɜŬ ůɤɛŬŰɞˊŬɔɏɠ ůɨůŰɖɛŬ (11) 

ɛŮ: 

¶ ȯɝɞɜŬ x: Űɞɜ ŭɘŬɛɐəɖ ɎɝɞɜŬ ˊɞɡ ŰŬɡŰɑɕŮŰŬɘ ɛŮ Űɖɜ ɓŬůɘəɐ ɔɟŬɛɛɐ ŬɜŬűɞɟɎɠ (Base Line), 

ɛŮ ɗŮŰɘəɐ űɞɟɎ ˊɟɞɠ Űɖɜ ˊɚɩɟɖ. 

¶ ȯɝɞɜŬ y: Űɞɜ ŮɔəɎɟůɘɞ ɎɝɞɜŬ, ɛŮ ɗŮŰɘəɎ ˊɟɞɠ ŰŬ ŬɟɘůŰŮɟɎ (Port Side). 

¶ ȯɝɞɜŬ z: Űɞɜ əŬŰŬəɧɟɡűɞ ɎɝɞɜŬ ɛŮ ɗŮŰɘəɐ űɞɟɎ ˊɟɞɠ ŰŬ ˊɎɜɤ. 

¶ ɆɖɛŮɑɞ ŬɜŬűɞɟɎɠ: Űɞ ůɖɛŮɑɞ Űɞɛɐɠ Űɖɠ ˊɟɡɛɜŬɑŬɠ əŬɗɏŰɞɡ (Aft Perpendicular), Űɖɠ  

ɓŬůɘəɐɠ ɔɟŬɛɛɐɠ ŬɜŬűɞɟɎɠ əŬɘ Űɞɡ ŭɘŬɛɐəɞɡɠ Ůˊɘˊɏŭɞɡ ůɡɛɛŮŰɟɑŬɠ. 
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ȺɘəɧɜŬ 6: ɆɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ 

 

2.3.2 ȷˊɞɛŮɑɤůɖ ˊɎɢɞɡɠ ɚɧɔɤ ŭɘɎɓɟɤůɖɠ 

 

ɇŬ ɛɞɜŰɏɚŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɓŬůɑɕɞɜŰŬɘ ůŮ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ ɛŮ ŬˊɞɛŮɑɤůɖ ˊɎɢɞɡɠ ɚɧɔɤ 

ŭɘɎɓɟɤůɖɠ ůɨɛűɤɜŬ ɛŮ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ , RU SHIP Pt.3 Ch.3 Sec.2  ɄɑɜŬəŬɠ 1,(9) ɤɠ Ůɝɐɠ 

- 50% ŬˊɞɛŮɑɤůɖ ́ Ɏɢɞɡɠ ɔɘŬ ́ ɚɞɑŬ ɛŮ ůɐɛŬɜůɖ ESP (Enhance survey program), ŭɖɚŬŭɐ ůŮ 

ˊɟɧɔɟŬɛɛŬ Ůɜɘůɢɡɛɏɜɤɜ ŮˊɘɗŮɤɟɐůŮɤɜ ůŮ ˊŮŰɟŮɚŬɘɞűɧɟŬ ŭŮɝŬɛŮɜɧˊɚɞɘŬ, ɢɖɛɘəɎ 

ŭŮɝŬɛŮɜɧˊɚɞɘŬ əŬɘ űɞɟŰɖɔɎ. 

- 0% ŬˊɞɛŮɑɤůɖ ˊɎɢɞɡɠ ɔɘŬ ɎɚɚŬ ˊɚɞɑŬ. 

ũɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ űɏɟɞɡůŬɠ ɘəŬɜɧŰɖŰŬɠ ɏɜŬɜŰɘ ɚɡɔɘůɛɞɨ ɖ ŬɜɎɚɡůɖ ˊŮˊŮɟŬůɛɏɜɤɜ 

ůŰɞɘɢŮɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ 100% ŬˊɞɛŮɑɤůɖ Űɞɡ ˊɎɢɞɡɠ ŭɘɎɓɟɤůɖɠ. 

2.3.3 ɇɨˊɞɘ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 

 

Ƀɘ ɛɏɗɞŭɞɘ ɡˊɞɚɞɔɘůɛɞɨ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ Ŭˊɧ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ ɓŬůɑɕɞɜŰŬɘ ůŰɖ ɔɟŬɛɛɘəɐ 

ŬɜɎɚɡůɖ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŰɟɘůŭɘɎůŰŬŰɤɜ ɛɞɜŰɏɚɤɜ. Ƀɘ ɔŮɜɘəɞɑ Űɨˊɞɘ ŮɑɜŬɘ: 

¶ ɆŰɞɘɢŮɑŬ ɟɎɓŭɞɡ ɐ ŭɘəŰɡɩɛŬŰɞɠ (rod/truss element): ɔɟŬɛɛɘəɎ ůŰɞɘɢŮɑŬ ɛŮ Ŭɝɞɜɘəɐ 

ŭɡůəŬɛɣɑŬ ɛɧɜɞ əŬɘ ůŰŬɗŮɟɐ ŭɘŬŰɞɛɐ əŬŰɎ Űɞ ɛɐəɞɠ Űɞɡ ůŰɞɘɢŮɑɞɡ. 
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¶ ɆŰɞɘɢŮɑŬ ŭɞəɞɨ (beam element): ɔɟŬɛɛɘəɎ ůŰɞɘɢŮɑŬ ɛŮ Ŭɝɞɜɘəɐ, ůŰɟŮˊŰɘəɐ əŬɘ əŬɛˊŰɘəɐ 

ŭɡůəŬɛɣɑŬ, ŭɘɎŰɛɖůɖ ůŮ ŭɨɞ ŭɘŮɡɗɨɜůŮɘɠ əŬɘ ɛŮ ůŰŬɗŮɟɏɠ ɘŭɘɧŰɖŰŮɠ əŬŰɎ Űɞ ɛɐəɞɠ Űɞɡ 

ůŰɞɘɢŮɑɞɡ. 

¶ ɆŰɞɘɢŮɑŬ əŮɚɨűɞɡɠ ɐ ˊɚɎəŬɠ (shell/plate elements): ůŰɞɘɢŮɑŬ ŮˊɘűɎɜŮɘŬɠ ɛŮ ŮɜŰɧɠ Ůˊɘˊɏŭɞɡ 

ŭɡůəŬɛɣɑŬ əŬɘ ŮəŰɧɠ Ůˊɘˊɏŭɞɡ əŬɛˊŰɘəɐ ŭɡůəŬɛɣɑŬ ɛŮ ůŰŬɗŮɟɧ ˊɎɢɞɠ. ɇŬ ůŰɞɘɢŮɑŬ ŬɡŰɎ 

ŮˊɘŭŮɘəɜɨɞɡɜ əŬɛˊŰɘəɐ əŬɘ ɛŮɛɓɟŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ, ɛŮ əɎɗŮ əɧɛɓɞ ɜŬ ŭɘŬɗɏŰŮɘ 6 

ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ ɛŮ 3 ɛŮŰŬŰɞˊɑůŮɘɠ əŬɘ 3 ůŰɟɞűɏɠ. 

¶ ɆŰɞɘɢŮɑŬ ɛŮɛɓɟɎɜɖɠ ɐ ŰɎůɖɠ ůŰɞ ŮˊɑˊŮŭɞ (membrane/plane-stress elements): ůŰɞɘɢŮɑŬ 

ŮˊɘűɎɜŮɘŬɠ ɛŮ ŭɘŬɝɞɜɘəɐ əŬɘ ŮɜŰɧɠ Ůˊɘˊɏŭɞɡ ŭɡůəŬɛɣɑŬ ůŰɞɘɢŮɑɞɡ ˊɚɎəŬɠ ɛŮ ůŰŬɗŮɟɧ 

ˊɎɢɞɠ. ɇɞ ɛŮɛɓɟŬɜɘəɧ ůŰɞɘɢŮɑɞ ŬɜŬˊŬɟɘůŰɎ Űɖ ůɡɛˊŮɟɘűɞɟɎ ŮɚɎůɛŬŰɞɠ ůŰɞ ŮˊɑˊŮŭɧ, 

ŭɖɚŬŭɐ ŮɝŬɘɟŮɑŰŬɘ ɖ əŬɛˊŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɛŮ ůɡɜɏˊŮɘŬ ɜŬ ɛɖɜ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɚɎɓŮɘ 

əɎɗŮŰɖ (ɡŭɟɞůŰŬŰɘəɐ) űɧɟŰɘůɖ. ȾɎɗŮ əɧɛɓɞɠ ŭɘŬɗɏŰŮɘ 2 ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ, əŬŰɎ Űɘɠ 

ŭɘŮɡɗɨɜůŮɘɠ x əŬɘ y ůŰɞ ŮˊɑˊŮŭɧ Űɞɡ. 
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ȺɘəɧɜŬ 7: ɇɨˊɞɘ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 

 

ȰɜŬ ůŰɞɘɢŮɑɞ ŭɞəɞɨ ŬɜŬˊŬɟɑůŰŬŰŬɘ Ŭˊɧ ɛɘŬ ɔɟŬɛɛɐ ɛŮ 2 əɧɛɓɞɡɠ ɧˊɤɠ ůŰɖɜ ȺɘəɧɜŬ 8,(12) ɧˊɞɡ 

ɔɘŬ 6 ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ ɏɢɞɡɛŮ ůŰɞ Űɞˊɘəɧ ůɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ  
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ȺɘəɧɜŬ 8: ȹɡɜɎɛŮɘɠ ůŮ ůŰɞɘɢŮɑɞ ŭɞəɞɨ ůŰɞ Űɞˊɘəɧ ůɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ 

 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὢ

Ὢ

ά

Ὢ

Ὢ

άỨ
ủ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ῴὃ

ὰ
π π

ῴὃ

ὰ
π π

π
ρςῴὍ

ὰ

φῴὍ

ὰ
π

ρςῴὍ

ὰ

φῴὍ

ὰ

π
φῴὍ

ὰ

τῴὍ

ὰ
π

φῴὍ

ὰ

ςῴὍ

ὰ
ῴὃ

ὰ
π π

ῴὃ

ὰ
π π

π
ρςῴὍ

ὰ

φῴὍ

ὰ
π

ρςῴὍ

ὰ

φῴὍ

ὰ

π
φῴὍ

ὰ

ςῴὍ

ὰ
π

φῴὍ

ὰ

τῴὍ

ὰ Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὠ

Ὠ

•

Ὠ

Ὠ

• Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

 

 

ũɘŬ Űɖɜ ɛŮŰɎɓŬůɖ Ŭˊɧ Űɞ Űɞˊɘəɧ ůɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ ůŰɞ ɞɚɘəɧ ŮűŬɟɛɧɕŮŰŬɘ ɞ 

ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ  
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ɧˊɞɡ ɗ ɖ ɔɤɜɑŬ ůŰɟɞűɐɠ Űɞɡ Űɞˊɘəɞɨ ůɡůŰɐɛŬŰɞɠ ɤɠ ˊɟɞɠ Űɞ ɞɚɘəɧ. (12) 

ũɘŬ Ŭɝɞɜɘəɐ ɛŮŰŬŰɧˊɘůɖ ɘůɢɨŮɘ ɖ ůɢɏůɖ ɔɘŬ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ 
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‐ ὼȟώ
‬Ὠ

‬ὼ
 

əŬɘ ɖ ŰɎůɖ „ ῴ‐, ůɨɛűɤɜŬ ɛŮ Űɞ əŮűɎɚŬɘɞ 2.2. 

 

ɇɞ ůŰɞɘɢŮɑɞ ˊɚɎəŬɠ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ ůɡɜɐɗɤɠ Űɖ ɛɏůɖ ŮˊɘűɎɜŮɘŬ ůŰŬɗŮɟɞɨ ˊɎɢɞɡɠ ůŮ ŮűŬɟɛɞɔɏɠ 

ɛŮ ŰɡˊɞˊɞɘɖɛɏɜŬ ŮɚɎůɛŬŰŬ, ɧˊɤɠ ůŰɖɜ ȺɘəɧɜŬ 9. 

 

ȺɘəɧɜŬ 9: ɆŰɞɘɢŮɑɞ ˊɚɎəŬɠ 

 

ɇŬ ůŰɞɘɢŮɑŬ ŬɡŰɎ ŬɜŬˊŬɟɑůŰŬɜŰŬɘ Ŭˊɧ ɘůɞˊŬɟŬɛŮŰɟɘəɎ ůŰɞɘɢŮɑŬ ŰŮůůɎɟɤɜ əɧɛɓɤɜ ŬɜɩŰŮɟɖɠ 

ŰɎɝɖɠ, ůɡɜɐɗɤɠ ŰŮŰɟŬɔɤɜɘəɐɠ. Ƀɘ ŰɎůŮɘɠ, ɞɘ ŭɡɜɎɛŮɘɠ əŬɘ ɞɘ ɟɞˊɏɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 10. 
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ȺɘəɧɜŬ 10: ɆŰɞɘɢŮɑɞ ˊɚɎəŬɠ ȷ) ɇɎůŮɘɠ ȸ) ȹɡɜɎɛŮɘɠ əŬɘ ɟɞˊɏɠ (13) 

 

ũɘŬ ɏɜŬ ŰŮŰɟɎˊɚŮɡɟɞ ůŰɞɘɢŮɑɞ ŰŮůůɎɟɤɜ əɧɛɓɤɜ ɛŮ ůɡɜŰŮŰŬɔɛɏɜŮɠ ὼȟώ ɧˊɤɠ ůŰɖɜ ȺɘəɧɜŬ 11, 

ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ ˊŬɟŮɛɓɞɚɐɠ L ůŮ əɎɗŮ əɧɛɓɞ  

 

ὒὼȟώ
ὼ ὼὥ ώ ώὦ

τὼὥ ώὦ
 

ɛŮ 

əɧɛɓɞɠ 1 2 3 4 

ὼ -1 1 1 -1 

ώ -1 -1 1 1 
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ȺɘəɧɜŬ 11: ɇŮŰɟɎˊɚŮɡɟɞ ůŰɞɘɢŮɑɞ ŰŮůůɎɟɤɜ əɧɛɓɤɜ (14) 

 

ȵůŰŮ ɞɘ ɛŮŰŬŰɞˊɑůŮɘɠ u,v ɜŬ ŭɑɜɞɜŰŬɘ Ŭˊɧ u=Hd ɤɠ  
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Ƀɘ ůɢɏůŮɘɠ ˊŬɟŬɛɧɟűɤůɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŮɑɜŬɘ 
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ȷˊɧ Űɖɜ əŬŰŬůŰŬŰɘəɐ Ůɝɑůɤůɖ ɔɘŬ ŮˊɑˊŮŭɖ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ ɏɢɞɡɛŮ ů=DŮ 
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ȷˊɧ Űɖɜ Ŭɟɢɐ Űɤɜ ŭɡɜŬŰɩɜ ɏɟɔɤɜ ˊɟɞəɨˊŰŮɘ Űɞ ɛɖŰɟɩɞ ŬəŬɛɣɑŬɠ 

Ὼ `Ὀ  `

 

ũŮɜɘəɎ, ŭɑəɞɛɓŬ ɔɟŬɛɛɘəɎ ůŰɞɘɢŮɑŬ ŭɞəɞɨ əŬɘ ŰŮŰɟɎəɞɛɓŬ ɐ ŰɟɑəɞɛɓŬ ůŰɞɘɢŮɑŬ ˊɚɎəŬɠ/əŮɚɨűɞɡɠ 

ɗŮɤɟɞɨɜŰŬɘ ŮˊŬɟəɐ ɔɘŬ Űɖɜ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ŭɞɛɐɠ Űɞɡ ˊɚɞɑɞɡ Ŭˊɧ Űɖɜ əɚɎůɖ. ɋůŰɧůɞ ŭɨɜŬŰŬɘ 

ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əŬɘ ůŰɞɘɢŮɑŬ ɡɣɖɚɧŰŮɟɖɠ ŰɎɝɖɠ. ɆŰɞɘɢŮɑŬ ˊɚŬəɩɜ ɛŮ ŮůɤŰŮɟɘəɏɠ ɔɤɜɑŮɠ 

ɛɘəɟɧŰŮɟŮɠ Űɤɜ 45 ɛɞɘɟɩɜ ɐ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ 135 ɛɞɑɟŮɠ ɛŮŰŬɝɨ ˊɚŮɡɟɩɜ ɗŬ ˊɟɏˊŮɘ ɜŬ 

ŬˊɞűŮɨɔɞɜŰŬɘ. ȷəɧɛɖ ˊɟɏˊŮɘ ɜŬ ŮɚɏɔɢŮŰŬɘ ɞ ɚɧɔɞɠ ˊɚŮɡɟɩɜ ůŰɞɘɢŮɑɞɡ ɩůŰŮ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ əɞɜŰɎ 

ůŰɞ 1, ɢɤɟɑɠ ɧɛɤɠ ɜŬ ɡˊŮɟɓŬɑɜŮɘ Űɞ 3 ɔɘŬ ŰŮŰɟɎəɞɛɓŬ ůŰɞɘɢŮɑŬ əŬɘ Űɞ 5 ɔɘŬ ɞɢŰɎəɞɛɓŬ ůŰɞɘɢŮɑŬ. 

ȼ ɢɟɐůɖ Űɟɘɔɤɜɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɟɏˊŮɘ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ ůŰɞ ŮɚɎɢɘůŰɞ. ȷɜ ŮɑɜŬɘ ŮűɘəŰɧ, ɞ ɚɧɔɞɠ 

ˊɚŮɡɟɩɜ Űɤɜ ůŰɞɘɢŮɑɤɜ əŮɚɨűɞɡɠ ůŮ ˊŮɟɘɞɢɏɠ ˊɞɡ ŬɜŬɛɏɜŮŰŬɘ ɡɣɖɚɐ ŰɎůɖ ˊɟɏˊŮɘ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ 

əɞɜŰɎ ůŰɞ 1 əŬɘ ɜŬ ŬˊɞűŮɨɔɞɜŰŬɘ ŰɟɘɔɤɜɘəɎ ůŰɞɘɢŮɑŬ. 

ɆŮ ˊŮɟɑˊŰɤůɖ ɢɟɐůɖɠ ɔɟŬɛɛɘəɩɜ ůŰɞɘɢŮɑɤɜ (4/3əɞɛɓŬ ůŰɞɘɢŮɑŬ) ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɞɘ ůɡɜŬɟŰɐůŮɘɠ 

ɛɞɟűɐɠ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ůŰɞɘɢŮɑɤɜ ɜŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ñŬůɨɛɓŬŰɞɡɠ ɧɟɞɡɠò, ŭɖɚŬŭɐ 

ˊŬɟŬɓɞɚɘəɞɨɠ ɧɟɞɡɠ, ˊɞɡ ˊɟɞůűɏɟɞɡɜ ɓŮɚŰɘɤɛɏɜɖ ůɡɛˊŮɟɘűɞɟɎ ůŮ əɎɛɣɖ ɔɘŬ Űɞ 

ɛɞɜŰŮɚɞˊɞɘɖɛɏɜɞ ůŰɞɘɢŮɑɞ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ əɎŰɤɗɘ ŮɘəɧɜŬ. ȷɡŰɧɠ ɞ Űɨˊɞɠ ůŰɞɘɢŮɑɞɡ ɢɟŮɘɎɕŮŰŬɘ 

ɔɘŬ Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ ŮɚŬůɛɎŰɤɜ əɨɟɘŬɠ Ůɜɑůɢɡůɖɠ ɜɞɛɏɤɜ ɩůŰŮ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɞɟɗɎ ɖ 

əŬŰŬɜɞɛɐ əŬɛˊŰɘəɩɜ ŰɎůŮɤɜ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ ůŰɞɘɢŮɑɞɡ əŬɗô ɧɚɞ Űɞ ɨɣɞɠ Ůɜɑůɢɡůɖɠ. ũɘŬ Űɞ 

ɛɞɜŰɏɚɞ ɞɚɘəɐɠ ŬɜɎɚɡůɖɠ Űɞɡ ˊɚɞɑɞɡ, ɖ ˊŮɟɘɔɟŬűɐ Űɖɠ ŭɘŬəɟɘŰɞˊɞɑɖůɖɠ Ŭˊɧ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ 

Űɞɡ ɜɖɞɔɜɩɛɞɜŬ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ɡˊɧɗŮůɖ ɧŰɘ ŰŬ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŰɏŰɞɘŮɠ 

ľŬůɨɛɓŬŰŮɠĿ ůɡɜŬɟŰɐůŮɘɠ ɛɞɟűɐɠ. 

 

 

ȺɘəɧɜŬ 12: ȸŮɚŰɘɤɛɏɜɖ əŬɛˊŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ˊŮˊŮɟŬůɛɏɜɞɡ ůŰɞɘɢŮɑɞɡ 
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ũɘŬ Űɖɜ ŬɜɎɚɡůɖ ŬɜŰɞɢɐɠ Űɞɡ ůɡɜɧɚɞɡ Űɞɡ ˊɚɞɑɞɡ, Űɖɜ ɛŮɟɘəɐ əŬɘ Űɖɜ Űɞˊɘəɐ, ɖ Ŭɝɘɞɚɧɔɖůɖ ɏɜŬɜŰɘ 

Űɤɜ əɟɘŰɖɟɑɤɜ Ŭˊɞŭɞɢɐɠ ŰɎůŮɤɜ ůɡɜɐɗɤɠ ɓŬůɑɕŮŰŬɘ ůŮ ŮɜŰɧɠ Ůˊɘˊɏŭɞɡ ɛŮɛɓɟŬɜɘəɏɠ ŰɎůŮɘɠ Űɤɜ 

ůŰɞɘɢŮɑɤɜ əŮɚɨűɞɡɠ/ˊɚŬəɩɜ. ũɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ əɧˊɤůɖɠ, ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɞɡ Ůɨɟɞɡɠ Űɤɜ 

ŭɡɜŬɛɘəɩɜ ŰɎůŮɤɜ ɓŬůɑɕŮŰŬɘ ůŰɘɠ ŮˊɘűŬɜŮɘŬəɏɠ ŰɎůŮɘɠ Űɤɜ ůŰɞɘɢŮɑɤɜ əŮɚɨűɞɡɠ/ˊɚŬəɩɜ. 

2.3.4 ȰɚŮɔɢɞɠ ɛɞɜŰɏɚɞɡ 

 

ɇɞ ɛɞɜŰɏɚɞ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ˊɟɏˊŮɘ ɜŬ ŮɚɏɔɢŮŰŬɘ ůɡůŰɖɛŬŰɘəɎ ɔɘŬ ŰŬ ŬəɧɚɞɡɗŬ ɚɎɗɖ: 

- ůŰŬɗŮɟɞɑ əɧɛɓɞɘ 

- əɧɛɓɞɘ ɢɤɟɑɠ ŭɡůəŬɛɣɑŬ 

- ŮɜŭɘɎɛŮůɞɘ əɧɛɓɞɘ ůŮ Ŭəɛɐ ůŰɞɘɢŮɑɞɡ ˊɞɡ ŭŮɜ ŮɜɩɜɞɜŰŬɘ ɛŮ Űɞ ůŰɞɘɢŮɑɞ 

- ɔɟŬɛɛɘəɎ ůŰɞɘɢŮɑŬ ˊɞɡ ŭɘŬˊŮɟɜɞɨɜ ŮˊɘűŬɜŮɘŬəɎ ůŰɞɘɢŮɑŬ 

- ŭɘˊɚɞŮɔɔɟŬűɏɠ ůŰɞɘɢŮɑɤɜ 

- ŬəɟŬɑŬ ůɢɐɛŬŰŬ ůŰɞɘɢŮɑɤɜ (ɚɧɔɞɠ ˊɚŮɡɟɩɜ ůŰɞɘɢŮɑɞɡ əŬɘ ůŰɟŮɓɚɤɛɏɜŬ ůŰɞɘɢŮɑŬ) 

- ɚŬɜɗŬůɛɏɜŮɠ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ 

ȺˊɘˊɟɧůɗŮŰŬ, ŬˊŬɘŰŮɑŰŬɘ ŮˊɘɓŮɓŬɑɤůɖ Űɞɡ ůɤůŰɞɨ ɡɚɘəɞɨ əŬɘ Űɖɠ ɔŮɤɛŮŰɟɘəɐɠ ˊŮɟɘɔɟŬűɐɠ Űɤɜ 

ůŰɞɘɢŮɑɤɜ, ɛŮ ɏɚŮɔɢɞ ůŰɘɠ ɟɞˊɏɠ ŬŭɟŬɜŮɑŬɠ, Űɖ ɟɞˊɐ ŬɜŰɑůŰŬůɖɠ əŬɘ Űɞɜ ɞɡŭɏŰŮɟɞ ɎɝɞɜŬ Űɤɜ 

ŭɘŬŰɞɛɩɜ. 

ũɘŬ Űɖɜ ŮɨɟŮůɖ ŬŰŮɚɩɜ ůɡɜŭɏůŮɤɜ ɐ ŭɘɎəŮɜɞɡ ɛŮŰŬɝɨ ɔŮɘŰɞɜɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɟɏˊŮɘ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɞ Ůɝɐɠ ɏɚŮɔɢɞɠ. ɇɞ ɛɞɜŰɏɚɞ ˊɟɏˊŮɘ ɜŬ űɞɟŰɘůŰŮɑ ůŮ ɧɚɞɡɠ Űɞɡɠ əɧɛɓɞɡɠ ɛŮ ɏɜŬ 

ůŰɞɘɢŮɘɩŭŮɠ ɐ ɓŬɟɡŰɘəɧ űɞɟŰɑɞ ůŮ əɎɗŮ ŭɘŮɨɗɡɜůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůɡɜŰŮŰŬɔɛɏɜɤɜ,  ŭɖɚŬŭɐ ɔɘŬ 

3 əŬŰŬůŰɎůŮɘɠ űɧɟŰɘůɖɠ, ɛɑŬ ɔɘŬ əɎɗŮ ŭɘŮɨɗɡɜůɖ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɟɏˊŮɘ ɜŬ Ŭɝɘɞɚɞɔɖɗɞɨɜ ɤɠ 

ˊɟɞɠ Űɘɠ ɛɏɔɘůŰŮɠ ɛŮŰŬŰɞˊɑůŮɘɠ ůŮ ɧɚŮɠ Űɘɠ ŭɘŮɡɗɨɜůŮɘɠ əŬɘ ɤɠ ˊɟɞɠ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ůɡɜɞɟɘŬəɩɜ 

ůɡɜɗɖəɩɜ ɩůŰŮ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ Ŭɜ əɎˊɞɘɞ Ŭˊɧ ŰŬ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑŬ ɛˊɞɟŮɑ ɜŬ əɘɜɖɗŮɑ ŮɚŮɨɗŮɟŬ 

ɢɤɟɑɠ ˊŮɟɘɞɟɘůɛɞɨɠ Ŭˊɧ Űɖ ŭɡůəŬɛɣɑŬ Űɖɠ ɔɎůŰɟŬɠ. 

2.3.5 ɆɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ 

 

Ƀɘ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ɔɘŬ Űɞ ɛɞɜŰɏɚɞ ɞɚɘəɐɠ ŬɜŬˊŬɟɎůŰŬůɖɠ Űɞɡ ˊɚɞɑɞɡ ŬɜŬˊŬɟɑůŰŬɜŰŬɘ ɤɠ 

Ŭˊɚɏɠ ůŰɖɟɑɝŮɘɠ ɩůŰŮ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɖ ŬɜɎˊŰɡɝɖ ŮɜŭɞɔŮɜɩɜ ŰɎůŮɤɜ əŬɘ ɞɘ əɘɜɐůŮɘɠ Űɞɡ ɤɠ 

ɎəŬɛˊŰɞɡ ůɩɛŬŰɞɠ. Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ůŰŬ ůɨɜɞɟŬ ˊɟɏˊŮɘ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɞɨɜŰŬɘ. ɇŬ ůɖɛŮɑŬ 

ˊŮɟɘɞɟɘůɛɞɨ ˊɟɏˊŮɘ ɜŬ ɞɟɑɕɞɜŰŬɘ ɛŬəɟɘɎ Ŭˊɧ Űɘɠ ɕɩɜŮɠ ŮɜŭɘŬűɏɟɞɜŰɞɠ, əŬɗɩɠ ŰŬ ŮűŬɟɛɞɕɧɛŮɜŬ 
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űɞɟŰɑŬ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůɞɡɜ ůŮ ŬɕɡɔɞůŰŬɗɛɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ. ɇŬ ůɖɛŮɑŬ ɏŭɟŬůɖɠ ůɡɢɜɎ 

ŮűŬɟɛɧɕɞɜŰŬɘ ůŰɞ ŭɘɎɛɖəŮɠ ŮˊɑˊŮŭɞ ŬɜŬűɞɟɎɠ əɞɜŰɎ ůŰɞ ˊɟɡɛɜŬɑɞ əŬɘ ˊɟɤɟŬɑɞ Ɏəɟɞ Űɞɡ ˊɚɞɑɞɡ. 

ũŮɜɘəɎ, ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ ɏɜŬɠ əŬɜɧɜŬɠ ɛŮ 3-2-1 ˊŮɟɘɞɟɘůɛɞɨɠ ɛŮŰŬŰɧˊɘůɖɠ ɧˊɤɠ ůŰɖɜ 

ɄŮɟɑˊŰɤůɖ 1. ũɘŬ əɎɗŮ ˊŮɟɑˊŰɤůɖ űɧɟŰɘůɖɠ, Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ŭɟɎůŮɤɜ əŬɘ ŬɜŰɘŭɟɎůŮɤɜ Űɤɜ 

ůɡɜɞɟɘŬəɩɜ ůŰɞɘɢŮɑɤɜ ˊɟɏˊŮɘ ɜŬ ŮɚɏɔɢŮŰŬɘ. ɆɨɛűɤɜŬ ɛŮ Űɘɠ ɞŭɖɔɑŮɠ Űɖɠ əɚɎůɖɠ DNVGL-CG-

0127 (Sec.2, [2.5])(3) ŭɑɜɞɜŰŬɘ 3 ˊŬɟŬŭŮɑɔɛŬŰŬ ŮűŬɟɛɞɔɐɠ ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əɎŰɤɗɘ. 

2.3.5.1 ɄŮɟɑˊŰɤůɖ 1 

 

ɆŰɖɜ ɄŮɟɑˊŰɤůɖ 1 ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 13, ŰŬ ůɖɛŮɑŬ ɏŭɟŬůɖɠ ŮűŬɟɛɧɕɞɜŰŬɘ ůŰɞ ŭɘɎɛɖəŮɠ 

ŮˊɑˊŮŭɞ ůɡɛɛŮŰɟɑŬɠ əɞɜŰɎ ůŰɖɜ ˊɟɡɛɜŬɑŬ əŬɘ ˊɟɤɟŬɑŬ əɎɗŮŰɞ. ɇɞ ɞɚɘəɧ ɛɞɜŰɏɚɞ ůŰɖɟɑɕŮŰŬɘ ůŮ 3 

ůɖɛŮɑŬ: 

¶ ůɖɛŮɑɞ ȷ: Űɞ ůɖɛŮɑɞ Űɞɛɐɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ ɛŮ Űɞ ŭɘɎɛɖəŮɠ ŮˊɑˊŮŭɞ 

ůɡɛɛŮŰɟɑŬɠ ůŰɖɜ ˊɟɡɛɜŬɑŬ ŮɔəɎɟůɘŬ űɟŬəŰɐ, ɛŮ ˊŮɟɘɞɟɘůɛɧ ɛŮŰɎɗŮůɖɠ əŬɘ ůŰɘɠ 3 

ŭɘŮɡɗɨɜůŮɘɠ x, y, z. 

¶ ůɖɛŮɑɞ ȸ: Ŭˊɧ Űɖɜ ˊɟɞɓɞɚɐ Űɞɡ ȷ ůŰɞ Ɏɜɤ əŬŰɎůŰɟɤɛŬ, ɛŮ ˊŮɟɘɞɟɘůɛɧ ɛŮŰɎɗŮůɖɠ ůŰɖɜ 

ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ y. 

¶ ůɖɛŮɑɞ C: Űɞ ůɖɛŮɑɞ Űɞɛɐɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ ɛŮ Űɞ ŭɘɎɛɖəŮɠ ŮˊɑˊŮŭɞ 

ůɡɛɛŮŰɟɑŬɠ ůŰɖɜ ˊɟɤɟŬɑŬ ŮɔəɎɟůɘŬ űɟŬəŰɐ ůɨɔəɟɞɡůɖɠ, ɛŮ ˊŮɟɘɞɟɘůɛɧ ɛŮŰɎɗŮůɖɠ ůŰɖɜ 

ŮɔəɎɟůɘŬ əŬɘ əŬŰŬəɧɟɡűɖ ŭɘŮɨɗɡɜůɖ y, z. 
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ȺɘəɧɜŬ 13: ɄŮɟɑˊŰɤůɖ 1 ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ 

2.3.5.2 ɄŮɟɑˊŰɤůɖ 2 

 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ŰŬ ůɖɛŮɑŬ ůŰɐɟɘɝɖɠ ŮɑɜŬɘ 3 ůŰɖɜ ˊɟɤɟŬɑŬ űɟŬəŰɐ Űɞɡ ɛɖɢŬɜɞůŰŬůɑɞɡ, 

ɛŮ ˊŮɟɘɞɟɘůɛɧ ůŰɖɜ ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ y ůŰɖ ɔɟŬɛɛɐ ŬɜŬűɞɟɎɠ əŬɘ ůŰɖɜ əŬŰŬəɧɟɡűɖ ŭɘŮɨɗɡɜůɖ 

z ŭŮɝɘɎ əŬɘ ŬɟɘůŰŮɟɎ, əŬɘ ůŮ 1 ůɖɛŮɑɞ ůŰɖɜ ɔɟŬɛɛɐ ŬɜŬűɞɟɎɠ Űɖɠ ˊɟɤɟŬɑŬɠ ŮɔəɎɟůɘŬɠ űɟŬəŰɐɠ 

ůɨɔəɟɞɡůɖɠ ɛŮ ˊŮɟɘɞɟɘůɛɧ ɛŮŰɎɗŮůɖɠ əŬɘ ůŰɘɠ 3 ŭɘŮɡɗɨɜůŮɘɠ x, y, z. 

  

 

ȺɘəɧɜŬ 14: ɄŮɟɑˊŰɤůɖ 2 ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ (9) 
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2.3.5.3 ɄŮɟɑˊŰɤůɖ 3 

 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ŰŬ ůɖɛŮɑŬ ůŰɐɟɘɝɖɠ ŮűŬɟɛɧɕɞɜŰŬɘ ůŰŬ ůɖɛŮɑŬ Űɞɛɐɠ Űɞɡ əŬɗɟɏˊŰɖ ɛŮ Űɞ 

əɡɟɑɤɠ əŬŰɎůŰɟɤɛŬ, ɧˊɞɡ ŬɟɘůŰŮɟɎ ɖ ɏŭɟŬůɖ ˊŮɟɘɞɟɑɕŮɘ Űɖɜ əŬŰŬəɧɟɡűɖ ɛŮŰŬŰɧˊɘůɖ z, ŭŮɝɘɎ 

ˊŮɟɘɞɟɑɕŮɘ Űɖɜ ŮɔəɎɟůɘŬ əŬɘ əŬŰŬəɧɟɡűɖ ɛŮŰŬŰɧˊɘůɖ y, z əŬɘ ůŰɞ ˊɟɤɟŬɑɞ Ɏəɟɞ əŬɘ ůŰɘɠ 3 

ŭɘŮɡɗɨɜůŮɘɠ x, y, z. 

 

 

ȺɘəɧɜŬ 15: ɄŮɟɑˊŰɤůɖ 3 ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ 

2.3.6 ɆŰŬŰɘəɎ űɞɟŰɑŬ 

 

ȾŬŰɎ Űɞɜ əŬɜɞɜɘůɛɧ DNV-CG-0138 (15) ŰŬ ůŰŬŰɘəɎ űɞɟŰɑŬ ɐ űɞɟŰɑŬ ůŰɎůɘɛɞɡ ɜŮɟɞɨ 

(Stillwater loads) ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ŮɑɜŬɘ: 

1) ȸɎɟɞɠ ɎűɞɟŰɞɡ ˊɚɞɑɞɡ (Light ship weight). 

ɇŬ ɓɎɟɞɠ Űɖɠ əŬŰŬůəŮɡɐɠ ůɡɜŬɟŰɎŰŬɘ Ŭˊɧ Űɖɠ ŮűŬɟɛɞɔɐ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ ůŰŬ 

ůŰɞɘɢŮɑŬ ˊɞɡ Űɖɜ ŬˊɞŰŮɚɞɨɜ, ɩůŰŮ Űɞ ɛɞɜŰɏɚɞ ɜŬ ŬəɞɚɞɡɗŮɑ Űɖɜ ˊɟŬɔɛŬŰɘəɐ əŬŰŬɜɞɛɐ 

ɓɎɟɞɡɠ Űɞɡ ˊɚɞɑɞɡ. ɆɡɢɜɎ ŬˊŬɘŰŮɑŰŬɘ ɛɘŬ ŮˊŬɜŬɚɖˊŰɘəɐ ŭɘŬŭɘəŬůɑŬ ɔɘŬ Űɖɜ ɟɨɗɛɘůɖ Űɖɠ 

əŬŰŬɜɞɛɐɠ ɛɎɕŬɠ əŬɘ Űɖɠ ɗɏůɖɠ Űɞɡ əɏɜŰɟɞɡ ɓɎɟɞɡɠ, ɛŮ ŭɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ ŭɘŬűɞɟŮŰɘəɩɜ 

ˊɡəɜɞŰɐŰɤɜ ɡɚɘəɩɜ əŬŰɎ Űɞ ɛɐəɞɠ.  

ȿɞɘˊɎ ɓɎɟɖ ɎűɞɟŰɞɡ ˊɚɞɑɞɡ ˊɟɏˊŮɘ ɜŬ ŬɜŬˊŬɟɑůŰŬɜŰŬɘ Ŭˊɧ ɛɘŬ ůɡɔəŮɜŰɟɤɛɏɜɖ ɛɎɕŬ ůŰɞ 

əɏɜŰɟɞ ɓɎɟɞɡɠ Űɞɡ əɎɗŮ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɞɡ. 

ȳɚŮɠ ɞɘ ɛɎɕŮɠ ˊɟɏˊŮɘ ɜŬ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ ŭɞɛɐ.  

2) Ⱥɝɞˊɚɘůɛɧɠ (Machinery and outfitting) 
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ȳɚŬ ŰŬ ŮɝŬɟŰɐɛŬŰŬ ɓŬɟɏɤɠ ɛɖɢŬɜɞɚɞɔɘəɞɨ Ůɝɞˊɚɘůɛɞɨ (ɧˊɤɠ ŮɑɜŬɘ ɖ əɨɟɘŬ ɛɖɢŬɜɐ, Űɞ 

ˊɖŭɎɚɘɞ, ɖ əɨɟɘŬ ɔŮɜɜɐŰɟɘŬ əɚˊ.) ˊɟɏˊŮɘ ɜŬ ɛɞɜŰŮɚɞˊɞɘɞɨɜŰŬɘ ɤɠ ůɖɛŮɘŬəɏɠ ɛɎɕŮɠ 

ůɡɜŭŮŭŮɛɏɜŮɠ ɛŮ Űɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ ŭɞɛɐ ůŰɘɠ ůɤůŰɏɠ ɗɏůŮɘɠ. ɇɞ ɓɎɟɞɠ əɎˊɞɘɞɡ 

ŮɝŬɟŰɐɛŬŰɞɠ Ŭɜ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚɞ (ɔɘŬ ˊŮɟɑˊŰɤůɖ ɞ əɨɟɘɞɠ Ůɝɞˊɚɘůɛɧɠ) ŭɨɜŬŰŬɘ ɜŬ 

ŮˊɘɛŮɟɘůŰŮɑ ůŮ ˊŮɟɘůůɧŰŮɟŮɠ ůɖɛŮɘŬəɏɠ ɛɎɕŮɠ. 

3) ɁŮəɟɧ ɓɎɟɞɠ əŬɘ űɞɟŰɑɞ ŮˊɘɓŬŰɩɜ (Deadweight and passenger loads). 

ɇŬ űɞɟŰɑŬ ŬɡŰɎ ŭɨɜŬŰŬɘ ɜŬ ŬɜŬˊŬɟŬůŰŬɗɞɨɜ Ŭˊɧ ůɡɔəŮɜŰɟɤɛɏɜŮɠ ɛɎɕŮɠ ůŰɞ əɏɜŰɟɞ 

ɓɎɟɞɡɠ əɎɗŮ ůŰɞɘɢŮɑɞɡ ɐ ɤɠ əŬŰŬɜŮɛɖɛɏɜɖ ˊɑŮůɖ ŮűŬɟɛɞɕɧɛŮɜɖ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ ˊŮɟɘɞɢɐ 

əŬŰŬůŰɟɩɛŬŰɞɠ. 

4) ūɞɟŰɑŬ ŭŮɝŬɛŮɜɩɜ (Tank loads) 

ȼ ɛɎɕŬ ɟŮɡůŰɞɨ Űɤɜ ŭŮɝŬɛŮɜɩɜ ˊɟɏˊŮɘ ɜŬ ŬɜŬˊŬɟŬůŰŬɗŮɑ ɤɠ űɞɟŰɑɞ ˊɑŮůɖɠ ɐ ůɖɛŮɘŬəɐ 

ɛɎɕŬ əŬŰŬɜŮɛɖɛɏɜŬ ůŰɞɡɠ əɧɛɓɞɡɠ Űɖɠ ɓɎůɖɠ Űɖɠ ŭŮɝŬɛŮɜɐɠ ɐ Űɤɜ ˊɚŮɡɟɩɜ. ȹŮɜ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɞ ɜŬ ůɡɛˊŮɟɘɚɖűɗŮɑ ɖ Űɞˊɘəɐ əŬŰŬɜɞɛɐ ˊɑŮůɖɠ Űɤɜ ŭŮɝŬɛŮɜɩɜ ůŰɖɜ ɞɚɘəɐ 

ŬɜɎɚɡůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ. 

5) ūɞɟŰɑɞ Ɏɜɤůɖɠ (Buoyancy loads). 

ūɞɟŰɑɞ ɡŭɟɞůŰŬŰɘəɐɠ ˊɑŮůɖɠ ˊɟɏˊŮɘ ɜŬ ŮűŬɟɛɞůŰŮɑ ůŰŬ ɨűŬɚŬ, Űɖ ɓɟŮɢɧɛŮɜɖ ŮˊɘűɎɜŮɘŬ 

Űɖɠ ɔɎůŰɟŬɠ. 

2.3.7 ȾɟɘŰɐɟɘŬ ŬɜɎɚɡůɖɠ 

 

ɆɨɛűɤɜŬ ɛŮ Űɞɜ əŬɜɞɜɘůɛɧ DNVGL-RU-SHIP-Pt5Ch4 Sec. 2 5.2(16) ɔɘŬ ŮˊɘɓŬŰɘəɎ ˊɚɞɑŬ, ɞɘ 

ŰɎůŮɘɠ ůŰŬ ŮɚɎůɛŬŰŬ ɧɚɤɜ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ Űɖɠ ɔɎůŰɟŬɠ ŭŮɜ ˊɟɏˊŮɘ ɜŬ ɡˊŮɟɓŬɑɜɞɡɜ Űɘɠ 

ŮˊɘŰɟŮˊɧɛŮɜŮɠ Űɘɛɏɠ ˊɞɡ ŭɑɜɞɜŰŬɘ ůŰɞɜ Ŭəɧɚɞɡɗɞ ɄɑɜŬəŬɠ VII .  

 

ɄɑɜŬəŬɠ VII : ȺˊɘŰɟŮˊɧɛŮɜŮɠ ŰɎůŮɘɠ ɔɘŬ Űɖɜ ŬɜɎɚɡůɖ ɞɚɘəɞɨ ɛɞɜŰɏɚɞɡ 

ȺˊɘŰɟŮˊɧɛŮɜɖ Ŭɝɞɜɘəɐ 

əŬɘ əɨɟɘŬ ŰɎůɖ 

ȺˊɘŰɟŮˊɧɛŮɜɖ 

ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ 

ȺˊɘŰɟŮˊɧɛŮɜɖ von 

Mises ŰɎůɖ 

175/k 110/k 220/k 

 

ũɘŬ Űɞɡɠ ůɡɜŰŮɚŮůŰɏɠ k ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ůŰɞ əŮűɎɚŬɘɞ 1.2.1. 
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ɇɞ ɞɚɘəɧ ɛɞɜŰɏɚɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůŰɞɘɢŮɑɞ ɛŮŰŬɝɨ əɨɟɘɤɜ ŮɜɘůɢɡŰɘəɩɜ əŬŰŬůŰɟɤɛɎŰɤɜ əŬɘ 

űɟŬəŰɩɜ. ɆɨɛűɤɜŬ ɛŮ Űɞɜ əŬɜɞɜɘůɛɧ DNVGL-CG-0127 (3), ɖ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ɏɜŬɜŰɘ 

ŭɘŬɟɟɞɐɠ ɔɘŬ ŰŬ ɎɜɤɗŮɜ ŮˊɘŰɟŮˊɧɛŮɜŬ ɧɟɘŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ŰŬ əɟɘŰɐɟɘŬ Ŭˊɞŭɞɢɐɠ, ɧˊɤɠ 

ŭɑɜɞɜŰŬɘ ůŰɞ RU SHIP Pt.3 Ch.7 Sec.3 (17) . ɇŬ əɟɘŰɐɟɘŬ Ŭˊɞŭɞɢɐɠ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ɞɜɞɛŬůŰɘəɏɠ 

Ŭɝɞɜɘəɏɠ ŰɎůŮɘɠ, ɞɜɞɛŬůŰɘəɏɠ ŭɘŬŰɛɖŰɘəɏɠ ŰɎůŮɘɠ əŬɘ ŰɎůŮɘɠ von Mises ɧˊɤɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ 

ŬɜɎɚɡůɖ ɞɚɘəɞɨ ɛɞɜŰɏɚɞɡ. ɆŮ ˊŮɟɘɞɢɏɠ ɛŮ ŰɞˊɘəɎ ůɖɛŮɑŬ ůɡɔəɏɜŰɟɤůɖɠ ɡɣɖɚɩɜ ŰɎůŮɤɜ (high 

peaked stress) ŰŬ əɟɘŰɐɟɘŬ Ŭˊɞŭɞɢɐɠ ɞɜɞɛŬůŰɘəɩɜ ŰɎůŮɤɜ ŭŮɜ ŮɑɜŬɘ ŮűŬɟɛɧůɘɛŬ. 

ȼ ŰɎůɖ von Mises ůvm ůŮ Ɂ/mm2 ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ ɓɎůɖ Űɘɠ əɨɟɘŮɠ əŬɘ ŭɘŬŰɛɖŰɘəɏɠ ŰɎůŮɘɠ Űɞɡ 

ůŰɞɘɢŮɑɞɡ əŮɚɨűɞɡɠ. Ƀɘ ŰɎůŮɘɠ ŬɝɘɞɚɞɔɞɨɜŰŬɘ ůŰɞ əŮɜŰɟɞŮɘŭɏɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ůŰɞ ɛɏůɞ ŮˊɑˊŮŭɞ, 

ɧˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ: 

„ „ „„ „ σ†  

ȳˊɞɡ 

ůx ůy = əɨɟɘŮɠ ŰɎůŮɘɠ ůŰɞɘɢŮɑɞɡ, ůŮ N/mm2 

Űxy = ŭɘŬŰɛɖŰɘəɏɠ ŰɎůŮɘɠ ůŰɞɘɢŮɑɞɡ, ůŮ N/mm2 

 

ȳŰŬɜ Űɞ ɛɞɜŰɏɚɞ ŬɡŰɧ ɏɢŮɘ ɡɣɖɚɧŰŮɟɖ ŬɜɎɚɡůɖ ŰɞˊɘəɎ ɐ ɞɚɘəɎ, ɧˊɤɠ ůŰɖɜ ŬɜɎɚɡůɖ ŰɛɐɛŬŰɞɠ 

ˊɚɞɑɞɡ, ŮűŬɟɛɧɕɞɜŰŬɘ ŰŬ əɟɘŰɐɟɘŬ ŬɜɎɚɡůɖɠ ůɨɛűɤɜŬ ɛŮ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ RU SHIP Pt.3 Ch.7 

Sec.3 (17)  ůŰŬ ŬəɧɚɞɡɗŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ: 

¶ ůŮ ɧɚŬ ŰŬ ŭɘŬɛɐəɖ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ 

¶ ůŮ ɧɚŬ ŰŬ əɨɟɘŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ůŰɐɟɘɝɖɠ 

¶ ůŮ ůŰŮɔŬɜɏɠ űɟŬəŰɏɠ 

ɆŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ɖ ŭɘŬəɟɘŰɞˊɞɑɖůɖ Űɞɡ ůŰɞɘɢŮɑɞɡ Űɞɡ ˊɚɏɔɛŬŰɞɠ ˊɟɏˊŮɘ ɜŬ ŬəɞɚɞɡɗŮɑ Űɞ 

ůɨůŰɖɛŬ ŭɘɎŰŬɝɖɠ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ ɧůɞ ŬɡŰɧ ŮɑɜŬɘ ˊɟŬəŰɘəɧ əŬɘ ɜŬ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ ŰŬ 

ˊɟŬɔɛŬŰɘəɎ ŮɚɎůɛŬŰŬ ɛŮŰŬɝɨ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ, ŭɖɚŬŭɐ Űɞ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ ɜŬ ŮɑɜŬɘ s x s, ɧˊɞɡ 

s ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ŮɜɘůɢɡŰɘəɩɜ. 

ɇɧŰŮ, ɔɘŬ ůŰɞɘɢŮɑŬ ŭɞəɞɨ əŬɘ ɟɎɓŭɞɡ, ɖ Ŭɝɞɜɘəɐ ŰɎůɖ, ůaxial, ůŮ N/mm2 ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ ɓɎůɖ ɛɧɜɞ 

Űɖɜ Ŭɝɞɜɘəɐ ŰɎůɖ. ȼ Ŭɝɞɜɘəɐ ŰɎůɖ ˊɟɏˊŮɘ ɜŬ ŬɝɘɞɚɞɔŮɑŰŬɘ ůŰɞ ɛɏůɞ Űɞɡ ɛɐəɞɡɠ Űɞɡ ůŰɞɘɢŮɑɞɡ. 

ɇŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ˊɟɏˊŮɘ ɜŬ ˊɚɖɟɞɨɜ ŰŬ ŬəɧɚɞɡɗŬ əɟɘŰɐɟɘŬ: 

ɚy Ò  ɚyperm 

ɧˊɞɡ: 
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ɚy = ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ 

      ʇ        ɔɘŬ ůŰɞɘɢŮɑŬ əŮɚɨűɞɡɠ 

     ʇ
ȿ ȿ

  ɔɘŬ ůŰɞɘɢŮɑŬ ŭɞəɞɨ ɐ ɟɎɓŭɞɡ 

ůvm = von Mises ŰɎůɖ, ůŮ N/mm2 

ůaxial = Ŭɝɞɜɘəɐ ŰɎůɖ ůŮ ůŰɞɘɢŮɑŬ ŭɞəɞɨ ɐ ɟɎɓŭɞɡ, ůŮ N/mm2 

ɚyperm   = ŮˊɘŰɟŮˊɧɛŮɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ ɔɘŬ ŬɟŬɘɧ ˊɚɏɔɛŬ, ɧˊɤɠ ɞɟɑɕŮŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ 

ˊɑɜŬəŬ 

Ŭ) ɇŬ əɟɘŰɐɟɘŬ Ůɚɏɔɢɞɡ ŭɘŬɟɟɞɐɠ ˊɟɏˊŮɘ ɜŬ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ Ŭɝɞɜɘəɐ ŰɎůɖ ɔɘŬ ŰŬ ŬəɧɚɞɡɗŬ 

ůŰɞɘɢŮɑŬ 

¶ ɇɘɠ űɚɎɜŰɕŮɠ Űɤɜ ɓŬůɘəɩɜ ůŰɞɘɢŮɑɤɜ ůŰɐɟɘɝɖɠ 

¶ ɇɘɠ Űɞɛɏɠ ɛŮŰŬɝɨ Űɖɠ űɚɎɜŰɕŬɠ əŬɘ Űɞɡ ˊɏɚɛŬŰɞɠ Űɤɜ ŬɡɚŬəɤŰɩɜ ŮɚŬůɛɎŰɤɜ 

(corrugations). 

ɓ) ȳŰŬɜ ɖ ŰɎůɖ von Mises Űɤɜ ůŰɞɘɢŮɑɤɜ ůŰɞ ŰɛɖɛŬŰɘəɧ ɛɞɜŰɏɚɞ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɔɘŬ 

ŬɜɎɚɡůɖ Űɞɡ əɨŰɞɡɠ űɞɟŰɑɞɡ (ŬɛˊɎɟɘ) ůŰɖɜ ˊŮɟɘɞɢɐ ŮɜŭɘŬűɏɟɞɜŰɞɠ ɛŮ ́ɡəɜɧ ˊɚɏɔɛŬ 

ɡˊŮɟɓŬɑɜŮɘ ŰŬ əɟɘŰɐɟɘŬ ŭɘŬɟɟɞɐɠ, ŰɧŰŮ ɖ ɛɏůɖ ŰɎůɖ von Mises, ɡˊɞɚɞɔɑɕŮŰŬɘ ůŮ ɛɘŬ ˊŮɟɘɞɢɐ 

ɘůɞŭɨɜŬɛɖ ɛŮ Űɞ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ůŰɞ ŬɛˊɎɟɘ 

űɞɟŰɑɞɡ ˊɟɏˊŮɘ ɜŬ ɘəŬɜɞˊɞɘŮɑ ŰŬ ɎɜɤɗŮɜ əɟɘŰɐɟɘŬ ɏɜŬɜŰɘ ŭɘŬɟɟɞɐɠ. 

ɔ) ɆŰɘɠ Ůɔəɞˊɏɠ ɞ ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ ŭɘŬɟɟɞɐɠ ɚŬɛɓɎɜŮŰŬɘ ɛŮ ŭɘɧɟɗɤůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŰɎůɖɠ. 

ȰŰůɘ, ɞ ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɘɠ ŰɎůŮɘɠ ůŰɞɘɢŮɑɞɡ ůŮ əɎɗŮ ŭɞɛɘəɧ ɛɏɚɞɠ ŭŮɜ 

ˊɟɏˊŮɘ ɜŬ ɡˊŮɟɓŬɑɜŮɘ Űɘɠ ŮˊɘŰɟŮˊɧɛŮɜŮɠ Űɘɛɏɠ ˊɞɡ ŭɑɜɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬɠ VIII . 

 

ɄɑɜŬəŬɠ VIII : ȺˊɘŰɟŮˊɧɛŮɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ ŬɟŬɘɞɨ ˊɚɏɔɛŬŰɞɠ ɚyperm 

ȹɞɛɘəɧ ůŰɞɘɢŮɑɞ 
ȾɟɘŰɐɟɘɞ 

Ŭˊɞŭɞɢɐɠ 
ūɞɟŰɑɞ ɚyperm 

ȺɚɎůɛŬŰŬ ɧɚɤɜ Űɤɜ ŭɘŬɛɐəɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ, əɨɟɘŬ 

ŮɜɘůɢɡŰɘəɎ əŬɘ űɟŬəŰɏɠ. 

ɅɎɓŭɞɘ Ůɜɑůɢɡůɖɠ ŬɡɚŬəɤŰɩɜ űɟŬəŰɩɜ, űɚɎɜŰɕŮɠ Űɤɜ əɨɟɘɤɜ 

ŮɜɘůɢɨůŮɤɜ ˊɞɡ ɏɢɞɡɜ ŬɜŬˊŬɟŬůŰŬɗŮɑ ɛŮ ɢɟɐůɖ ůŰɞɘɢŮɑɤɜ 

əŮɚɨűɞɡɠ ɐ ɟɎɓŭɞɡ 

AC-I S 0.80 

AC-II  S+D 1.0 

AC-III (1) A,T 1.00 
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ȷɡɚŬəɩůŮɘɠ ŬɡɚŬəɤŰɩɜ űɟŬəŰɩɜ ɡˊɧ ˊɚŮɡɟɘəɐ ˊɑŮůɖ Ŭˊɧ 

űɞɟŰɑŬ ɚɧɔɤ ɨˊŬɟɝɖɠ ɟŮɡůŰɞɨ, ɛɧɜɞ ɔɘŬ ůŰɞɘɢŮɑŬ əŮɚɨűɞɡɠ. 

ũɘŬ ɔɤɜɑŬ ŬɡɚɎəɤůɖɠ ɛŮŰŬɝɨ 45Á əŬɘ 55Á ŮűŬɟɛɧɕŮŰŬɘ ɖ 

ɛŮɑɤůɖ Űɖɠ ɚyperm ɧˊɤɠ ŭɑɜŮŰŬɘ ůŰɞ Ch.3 Sec.6  5.1.1 (9) 

AC-I S 0.72 

AC-II  S+D 0.90 

AC-III (1) A,T 0.90 

1) ũɘŬ ůŰɞɘɢŮɑŬ Űɖɠ űɟŬəŰɐɠ ůɨɔəɟɞɡůɖɠ ůɡɜɑůŰŬŰŬɘ Űɞ AC-I. 

 

ȳˊɞɡ ŰŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ɏɢɞɡɜ ɡɣɖɚɐ ŬɜɎɚɡůɖ ɛŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ ˊɚɏɔɛŬŰɞɠ ɧɢɘ ɛŮɔŬɚɨŰŮɟɞ 

Ŭˊɧ 50 x 50 mm, ŮűŬɟɛɧɕɞɜŰŬɘ ŰŬ əɟɘŰɐɟɘŬ ɔɘŬ Űɞˊɘəɐ ŬɜɎɚɡůɖ ŭɞɛɐɠ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ 

ɚŮˊŰɞɛŮɟŮɘɩɜ Űɖɠ əŬŰŬůəŮɡɐɠ ůɨɛűɤɜŬ ɛŮ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ RU SHIP Pt.3 Ch.7 Sec.4,(17)  ɧˊɞɡ 

ɞ ŮˊɘŰɟŮˊɧɛŮɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ ˊɡəɜɞɨ ˊɚɏɔɛŬŰɞɠ ɚfperm ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ ɄɑɜŬəŬɠ IX. 

 

ɄɑɜŬəŬɠ IX: ȺˊɘŰɟŮˊɧɛŮɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ɢɟɐůɖɠ ˊɡəɜɞɨ ˊɚɏɔɛŬŰɞɠ ɚfperm 

ȹɞɛɘəɧ ůŰɞɘɢŮɑɞ ȾɟɘŰɐɟɘɞ Ŭˊɞŭɞɢɐɠ ūɞɟŰɑɞ ɚfperm 

ɆŰɞɘɢŮɑŬ ˊɞɡ ŭŮɜ ŮűɎˊŰɞɜŰŬɘ ůŮ 

ůɡɔəɧɚɚɖůɖ 

AC-I S 1.36 ff 

AC-II  S+D 1.70 ff 

AC-III (1) A,T 2.04 

ɆŰɞɘɢŮɑŬ ˊɞɡ ŮűɎˊŰɞɜŰŬɘ ůŮ ůɡɔəɧɚɚɖůɖ 

AC-I S 1.20 ff 

AC-II  S+D 1.50 ff 

AC-III (1) A,T 1.80 

ȳˊɞɡ: 

ff = ůɡɜŰŮɚŮůŰɐɠ əɧˊɤůɖɠ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ ɤɠ: 

       1.0 ɔŮɜɘəɎ 

       1.2 ɔɘŬ ɚŮˊŰɞɛɏɟŮɘŮɠ əŬŰŬůəŮɡɐɠ ɧˊɞɡ ɖ ŬɜŰɞɢɐ ɏɜŬɜŰɘ əɧˊɤůɖɠ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ŭˊɧ Űɖɜ 

əɟɑůɘɛɖ ˊŮɟɘɞɢɐ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ɡɣɖɚɏɠ Űɞˊɘəɏɠ ŰɎůŮɘɠ (hot spot stresses), əŬŰɎ Űɞ Ch.9 

Sec.3, 4. 

1) ũɘŬ ůŰɞɘɢŮɑŬ Űɖɠ űɟŬəŰɐɠ ůɨɔəɟɞɡůɖɠ ůɡɜɑůŰŬŰŬɘ Űɞ AC-I. 
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3.  ȺūȷɅɀɃũȼ ï CASE STUDY 

3.1 ȸŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

 

ɇɞ ɡˊɧ ŮɝɏŰŬůɖ ˊɚɞɑɞ ŮɑɜŬɘ Űɞ ȺˊɘɓŬŰɖɔɧ ȹɟɞɛɞɚɞɔɘŬəɧ Ⱥ/ũ ï ȹɅ  ñALUMINION  16,500 Mò ɛŮ 

ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ: 

 

ɄɑɜŬəŬɠ X: ȸŬůɘəɎ ɉŬɟŬəŰɖɟɘůŰɘəɎ 

Ƀɚɘəɧ ɛɐəɞɠ ˊɚɞɑɞɡ 16.500 m 

ɀɐəɞɠ ɛŮŰŬɝɨ əŬɗɏŰɤɜ 15.678 m 

ɀɐəɞɠ ȽůɎɚɞɡ @ 0.85 x ȸɨɗɘůɛŬ 16.178 m 

ɄɚɎŰɞɠ 5.352 m 

Ⱦɞɑɚɞ 2.500 m 

ȸɨɗɘůɛŬ 1.250 m 

ȷˊɧůŰŬůɖ ɜɞɛɏɤɜ 0.500 m 

ɀɏɔɘůŰɖ ŰŬɢɨŰɖŰŬ 18 kn 

ɇŬɢɨŰɖŰŬ ˊɚŮɨůɖɠ 16 kn 

 

ȼ ɛŮɚɏŰɖ əŬɘ ɞ ˊɟɞəŬŰŬɟŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Űɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ŭˊɧ Űɞ ɜŬɡˊɖɔɘəɧ ɔɟŬűŮɑɞ 

Shipinvestigation ɛŮ Űɖɜ ɔŮɜɘəɐ ŭɘɎŰŬɝɖ ɜŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ əɎŰɤɗɘ. ȹɘŬəɟɑɜɞɜŰŬɘ ɞɘ ɢɩɟɞɘ Űɤɜ 

ŭɘˊɡɗɛɏɜɤɜ, Űɤɜ ŭŮɝŬɛŮɜɩɜ ɏɟɛŬŰɞɠ əŬɘ əŬɡůɑɛɞɡ, Űɞɡ ɛɖɢŬɜɞůŰŬůɑɞɡ, Űɞɡ ˊɖŭŬɚɑɞɡ əŬɗɩɠ əŬɘ 

ɞɘ ɢɩɟɞɘ ŮɜŭɘŬɑŰɖůɖɠ Űɤɜ ŮˊɘɓŬŰɩɜ, ůŮ əɚŮɘůŰɧ ɢɩɟɞ ůŰɞ əɡɟɑɤɠ əŬŰɎůŰɟɤɛŬ əŬɘ ŬɜɞɘɢŰɞɨ ɢɩɟɞɡ 

ůŰɞ Ɏɜɤ əŬŰɎůŰɟɤɛŬ. 
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ȺɘəɧɜŬ 16: ũŮɜɘəɐ ŭɘɎŰŬɝɖ Ⱥ/ũ ï ȹɅ ñALUMINION  16,500 Mò 

 




























































































































