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Abstract. On example of uniaxial model there was offered the method of forming of non-linear  
viscous-elastic properties of materials. The offered scheme can be further applied at 3-D modeling of 
viscous-elastic properties, for instance, asphalt-concrete. 
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ȼɜɟɞɟɧɢɟ 

 
Ⱥɫɮɚɥɶɬɨɛɟɬɨɧɧɵɟ ɩɨɤɪɵɬɢɹ ɜ ɷɤɫɩɥɭɚɬɚɰɢ-
ɨɧɧɵɯ ɭɫɥɨɜɢɹɯ ɩɨɞɜɟɪɝɚɸɬɫɹ ɨɞɧɨɜɪɟɦɟɧ-
ɧɨɦɭ ɜɨɡɞɟɣɫɬɜɢɸ ɬɪɚɧɫɩɨɪɬɧɵɯ ɧɚɝɪɭɡɨɤ ɢ 
ɩɨɝɨɞɧɨ-ɤɥɢɦɚɬɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ. ɉɪɢ ɪɚɡ-
ɥɢɱɧɵɯ ɜɢɞɚɯ ɜɨɡɞɟɣɫɬɜɢɣ ɚɫɮɚɥɶɬɨɛɟɬɨɧ ɜ 

ɫɥɨɹɯ ɞɨɪɨɠɧɨɣ ɨɞɟɠɞɵ ɦɨɠɟɬ ɩɪɨɹɜɥɹɬɶ 
ɭɩɪɭɝɢɟ, ɭɩɪɭɝɨ-ɜɹɡɤɢɟ ɢɥɢ ɭɩɪɭɝɨ-ɜɹɡɤɨ-
ɩɥɚɫɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. ɉɨɜɟɞɟɧɢɟ ɚɫɮɚɥɶɬɨ-
ɛɟɬɨɧɚ ɜ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɦ ɫɨ-
ɫɬɨɹɧɢɢ ɧɚɢɛɨɥɟɟ ɩɨɥɧɨ ɦɨɠɧɨ ɨɩɢɫɚɬɶ ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɟɨɥɨɝɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ. 
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Ⱥɧɚɥɢɡ ɩɭɛɥɢɤɚɰɢɣ 
 
Ɇɨɞɟɥɢɪɨɜɚɧɢɸ ɪɚɛɨɬɵ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ ɜ 
ɩɨɤɪɵɬɢɹɯ ɞɨɪɨɠɧɵɯ ɨɞɟɠɞ ɩɨɫɜɹɳɟɧɵ ɪɚ-
ɛɨɬɵ Ⱥ.Ɇ. Ȼɨɝɭɫɥɚɜɫɤɨɝɨ, Ⱥ.ɉ. ȼɚɫɢɥɶɟɜɚ, 
Ʌ.Ȼ. Ƚɟɡɟɧɰɜɟɹ, ȼ.Ⱥ. Ɂɨɥɨɬɚɪɟɜɚ [1],  ȼ.Ⱦ. Ʉɚ-
ɡɚɪɧɨɜɫɤɨɝɨ, Ɇ.ɋ. Ʉɨɝɚɧɡɨɧɚ, ȼ.ɉ. Ɇɚɬɭɚ, 
ɘ.ɉ. Ɍɤɚɱɭɤɚ [2], Ɂ.ɉ. ɒɭɥɶɦɚɧɚ [3],  
ə.ɇ. Ʉɨɜɚɥɟɜɚ ɢ ɞɪ. ȼɦɟɫɬɟ ɫ ɬɟɦ ɫɥɟɞɭɟɬ ɨɬ-
ɦɟɬɢɬɶ, ɱɬɨ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɬɪɟɛɭɟɬ ɫɜɨɟ-
ɝɨ ɞɚɥɶɧɟɣɲɟɝɨ ɪɚɡɜɢɬɢɹ ɧɚɩɪɚɜɥɟɧɢɟ ɫɨ-
ɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ ɧɟɥɢɧɟɣɧɵɯ ɪɟɨɥɨɝɢɱɟɫɤɢɯ 
ɦɨɞɟɥɟɣ.  
 

ɐɟɥɶ ɢ ɩɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ 
 
ɐɟɥɶɸ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɩɨɫɬɪɨɟ-
ɧɢɟ ɫɬɪɭɤɬɭɪɧɨɣ ɫɯɟɦɵ ɧɟɥɢɧɟɣɧɨɣ ɪɟɨɥɨɝɢ-
ɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ, ɤɨɬɨɪɚɹ ɜɩɨ-
ɫɥɟɞɫɬɜɢɢ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɚ ɢ ɩɪɢ   
3-D ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɟɝɨ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪ-
ɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. 
 

ɋɯɟɦɚ, ɩɨɫɬɪɨɟɧɧɚɹ ɧɚ ɨɫɧɨɜɟ  
ɦɨɞɟɥɢ Ȼɸɪɝɟɪɫɚ 

  
ȼ ɏɚɪɶɤɨɜɫɤɨɦ ɧɚɰɢɨɧɚɥɶɧɨɦ ɚɜɬɨɦɨɛɢɥɶɧɨ-
ɞɨɪɨɠɧɨɦ ɭɧɢɜɟɪɫɢɬɟɬɟ (ɏɇȺȾɍ) ɩɪɟɞɥɨ-
ɠɟɧɚ ɨɞɧɨɦɟɪɧɚɹ ɪɟɨɥɨɝɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɚɫ-
ɮɚɥɶɬɨɛɟɬɨɧɚ ɩɪɢ ɟɝɨ ɪɚɛɨɬɟ ɧɚ ɫɠɚɬɢɟ. ɋɨ-
ɝɥɚɫɧɨ ɷɬɨɣ ɦɨɞɟɥɢ ɫɯɟɦɚ ɜɵɱɢɫɥɟɧɢɣ 
ɫɜɨɞɢɬɫɹ ɤ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɞɟɣɫɬɜɢɣ, 
ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫ. 1. 
 
Ɉɛɨɛɳɟɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɬɚɤɨɣ ɮɢɡɢɱɟɫɤɨɣ 
ɦɨɞɟɥɢ ɜ ɢɧɬɟɝɪɚɥɶɧɨɦ ɜɢɞɟ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 
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(1) 

 
ɝɞɟ   ɢ   – ɢɫɤɨɦɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɨɬɧɨɫɢ-
ɬɟɥɶɧɵɟ ɞɟɮɨɪɦɚɰɢɢ ɜ ɚɫɮɚɥɶɬɨɛɟɬɨɧɟ; 

1 2 1 2, ,  ,  E E    – ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɠɟɫɬɤɨɫɬɢ ɢ 
ɜɹɡɤɨɫɬɢ, ɨɛɨɡɧɚɱɟɧɵ ɧɚ ɪɢɫ. 1; 01 02,     – 
ɩɨɪɨɝɨɜɵɟ ɡɧɚɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ, ɨɛɨɡɧɚɱɟ-
ɧɵ ɧɚ ɪɢɫ. 1; t  – ɜɪɟɦɹ ɩɪɨɰɟɫɫɨɜ ɧɚɝɪɭɠɟ-
ɧɢɹ ɢ ɪɟɥɚɤɫɚɰɢɢ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ; 
 

1   ɩɪɢ 01    ɢ 0   ɩɪɢ 01   ; 
 

1   ɩɪɢ 02    ɢ 0   ɩɪɢ 02   . 
 
Ɉɫɧɨɜɧɵɦ ɧɟɞɨɫɬɚɬɤɨɦ ɬɚɤɨɣ ɦɨɞɟɥɢ ɹɜɥɹ-
ɟɬɫɹ ɬɨ, ɱɬɨ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɹ 

02( )  t    ɢɡ ɪɚɛɨɬɵ «ɜɵɤɥɸɱɚɟɬɫɹ» ɧɟ 
ɬɨɥɶɤɨ ɜɹɡɤɢɣ ɷɥɟɦɟɧɬ 2 , ɧɨ ɢ ɩɚɪɚɥɥɟɥɶ-
ɧɵɣ ɟɦɭ ɭɩɪɭɝɢɣ ɷɥɟɦɟɧɬ 2E  (ɫɦ. ɪɢɫ. 1).  
 
ɉɪɢ ɷɬɨɦ ɭɩɪɭɝɢɣ ɷɥɟɦɟɧɬ 2E  ɫɬɚɧɨɜɢɬɫɹ 
ɚɛɫɨɥɸɬɧɨ ɠɟɫɬɤɢɦ, ɱɬɨ ɬɪɭɞɧɨ ɨɛɨɫɧɨɜɚɬɶ 
ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɪɟɚɥɶɧɵɦ ɮɢɡɢɱɟɫɤɢɦ  ɬɟ-
ɥɚɦ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ «ɜɵɤɥɸɱɟɧɢɟ» ɢɡ ɪɚɛɨɬɵ 
ɨɞɧɨɜɪɟɦɟɧɧɨ ɞɜɭɯ ɷɥɟɦɟɧɬɨɜ ( 2  ɢ 2E ) 
ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɨɩɪɟɞɟɥɟɧɧɵɦ ɡɚɬɪɭɞɧɟ-
ɧɢɹɦ ɩɪɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦ ɨɩɪɟɞɟɥɟɧɢɢ 
ɜɟɥɢɱɢɧ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 2  ɢ 2E . 
 
ɗɬɢ ɧɟɞɨɫɬɚɬɤɢ ɦɨɠɧɨ ɭɫɬɪɚɧɢɬɶ, ɟɫɥɢ ɜɦɟ-
ɫɬɨ ɦɨɞɟɥɢ Ȼɸɪɝɟɪɫɚ [3, 5] ɤɚɤ ɨɫɧɨɜɵ ɪɟɨ-
ɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ ɩɪɢɧɹɬɶ 
ɫɯɟɦɭ ɫ ɜɵɧɟɫɟɧɧɵɦ ɜɹɡɤɢɦ ɷɥɟɦɟɧɬɨɦ ɨɫɬɚ-
ɬɨɱɧɵɯ ɞɟɮɨɪɦɚɰɢɣ, ɩɪɟɞɫɬɚɜɥɟɧɧɭɸ ɧɚ  
ɪɢɫ. 2 [6].  
 

ɋɯɟɦɚ, ɩɨɫɬɪɨɟɧɧɚɹ ɧɚ ɨɫɧɨɜɟ ɦɨɞɟɥɢ  
ɫ ɜɵɧɟɫɟɧɧɵɦ ɜɹɡɤɢɦ ɷɥɟɦɟɧɬɨɦ  

ɨɫɬɚɬɨɱɧɵɯ ɞɟɮɨɪɦɚɰɢɣ 
 
ɇɟ ɜɞɚɜɚɹɫɶ ɜ ɩɨɞɪɨɛɧɨɫɬɢ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɨ-
ɦɟɠɭɬɨɱɧɵɯ ɜɵɱɢɫɥɟɧɢɣ, ɩɪɢɜɟɞɟɦ ɜ ɨɤɨɧ-
ɱɚɬɟɥɶɧɨɦ ɜɢɞɟ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ 
ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫ. 2, ɛ ɪɟɨɥɨɝɢɱɟɫɤɨɣ 
ɦɨɞɟɥɢ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ: 
 
1. ȿɫɥɢ  
 

01 02      ,           (2) 
 
ɬɨ ɦɨɞɟɥɶ ɪɚɛɨɬɚɟɬ ɚɧɚɥɨɝɢɱɧɨ ɡɜɟɧɭ Ƚɭɤɚ 
[3] (ɪɢɫ. 3, ɚ). 
 
ɍɪɚɜɧɟɧɢɟ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ 
ɫɨɫɬɨɹɧɢɹ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ ɧɚ ɷɬɨɦ ɷɬɚɩɟ ɡɚ-
ɩɢɫɵɜɚɟɬɫɹ ɜ ɜɢɞɟ 
 

 1 2E E    ,           (3) 
 
ɝɞɟ   – ɧɚɩɪɹɠɟɧɢɟ ɫɠɚɬɢɹ ɜ ɷɥɟɦɟɧɬɟ;   – 
ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɞɟɮɨɪɦɚɰɢɹ. 
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Ɋɢɫ. 1. ɋɯɟɦɚ ɜɵɱɢɫɥɟɧɢɣ ɫɨɝɥɚɫɧɨ ɪɟɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ, ɩɨɫɬɪɨɟɧɧɨɣ ɧɚ ɨɫ-

ɧɨɜɟ ɦɨɞɟɥɢ Ȼɸɪɝɟɪɫɚ: ȿ1, ȿ2 – ɤɨɷɮɮɢɰɢɟɧɬɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɭɩɪɭɝɢɟ ɫɜɨɣɫɬɜɚ;  
Ș1, Ș2 – ɤɨɷɮɮɢɰɢɟɧɬɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɜɹɡɤɢɟ ɫɜɨɣɫɬɜɚ; ı01, ı02 – ɩɨɪɨɝɨɜɵɟ ɡɧɚɱɟɧɢɹ 
ɧɚɩɪɹɠɟɧɢɣ ɜ ɷɥɟɦɟɧɬɚɯ ɒɜɟɞɨɜɚ 

 
 
 

 

E1 E1 

ȿ2 

ı02 

Ș2 

ȿ1 

ı01 

Ș1 

ȿ1 

ȿ2 

ı02 

Ș2 

ı01 

Ș1 

ı<ı01 

ɞɚ ɧɟɬ 

ı<ı01 

ɞɚ ɧɟɬ 

ı = 0 

ı<ı02 

ɞɚ ɧɟɬ 

ı<ı02 

ɞɚ ɧɟɬ 

Ȉ 

ɤɨɧɟɰ  
ɜɵɱɢɫɥɟɧɢɣ 

ȿ1, ȿ2, Ș1, Ș2, ı01, ı02, ı(t), 
dt
d ; 

2

2




d
d , ( )

t

t dt , ( )
t t

t dt dt
 
 
 
   
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ɚ 
 
 

 
 
 
 
 
 

 
 
 
ɛ 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Ɋɢɫ. 2. ɍɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɧɚɹ ɪɟɨɥɨɝɢɱɟɫɤɚɹ 

ɦɨɞɟɥɶ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ: ɚ – ɛɟɡ ɷɥɟɦɟɧ-
ɬɨɜ ɒɜɟɞɨɜɚ; ɛ – ɫ ɷɥɟɦɟɧɬɚɦɢ ɒɜɟɞɨɜɚ 

 
2. ȿɫɥɢ 
 

01 02     ɢ 01 02      ,          (4) 
 
ɬɨ ɷɥɟɦɟɧɬ ɢɦɟɟɬ ɜɢɞ, ɩɨɞɨɛɧɵɣ ɦɨɞɟɥɢ 
Ȼɢɧɝɚɦɚ [3] (ɪɢɫ. 3, ɛ), ɢ ɟɝɨ ɧɚɩɪɹɠɟɧɧɨ-
ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɜ ɞɢɮɮɟɪɟɧɰɢ-
ɚɥɶɧɨɦ ɜɢɞɟ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɤɚɤ 
 

1
01 1

1 2

d d
E E dt dt
  

    


.          (5) 

 
ɗɬɨ ɠɟ ɜ ɢɧɬɟɝɪɚɥɶɧɨɦ ɜɢɞɟ (ɡɞɟɫɶ ɢ ɞɚɥɟɟ 
ɩɪɢ ɧɭɥɟɜɵɯ ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɧɵɯ) 
 

  1
01 1

1 2t
dt

E E


      
 .          (6) 

 
Ʌɟɝɤɨ ɭɜɢɞɟɬɶ, ɱɬɨ ɩɪɢ 01 0   ɷɥɟɦɟɧɬ ɮɚɤ-
ɬɢɱɟɫɤɢ ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ ɦɨɞɟɥɶ Ɇɚɤɫɜɟɥɥɚ 
[3]. 
 

ɚ 
 
 
 
 
 
 
 
 
 
 
 
ɛ 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Ɋɢɫ. 3. ɗɥɟɦɟɧɬɵ ɫ ɭɩɪɭɝɢɦɢ ɢ ɭɩɪɭɝɨ-

ɩɥɚɫɬɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ: ɚ – ɫ ɭɩɪɭ-
ɝɢɦɢ; ɛ – ɫ ɭɩɪɭɝɨ-ɩɥɚɫɬɢɱɟɫɤɢɦɢ 

 
3. ȿɫɥɢ  
 

02 01    ɢ 02 01     ,     (7) 
 
ɬɨ ɭɪɚɜɧɟɧɢɟ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ 
ɫɨɫɬɨɹɧɢɹ ɬɚɤɨɝɨ ɭɩɪɭɝɨ-ɜɹɡɤɨɝɨ ɷɥɟɦɟɧɬɚ 
(ɪɢɫ. 4, ɚ) ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɦ ɩɪɟɞɫɬɚɜɥɟ-
ɧɢɢ ɢɦɟɟɬ ɜɢɞ 
 

2 1
02 2 1

2 2

1d d E E
E dt dt E

   
          

 
; (8) 

 
ɜ ɢɧɬɟɝɪɚɥɶɧɨɦ 
 

2 1
02 2 1

2 2

( ) 1 .
t t

Edt E dt
E E

 
          

 
  (9) 

 
4. ȿɫɥɢ 
 

01 02     ,                  (10) 
 
ɬɨ ɦɨɞɟɥɶ ɩɪɢɧɢɦɚɟɬ ɜɢɞ (ɪɢɫ. 4, ɛ) ɢ ɜ ɢɧɬɟ-
ɝɪɚɥɶɧɨɦ ɜɢɞɟ ɨɩɢɫɵɜɚɟɬɫɹ ɤɚɤ 

ȿ1 

Ș2 

E2 

Ș1 

ı 

ı02 

ı01 Ș1 

ȿ1 

E2 

Ș2 

ȿ1 E2 

ı01 Ș1 

ȿ1 E2 



ǰȓȟȠțȖȘ ȃǻǮǲȁ, Ȑȩȝ. 55, 2011 
 

22 

2 2 1
02

2 1 2

1
01 01

1

1
2 1

2

( ) 1

( ) ( )  

1 ,

t

t t t

t

Edt
E E

Edt dt dt

E E dt
E

  
         

 
        

 
      

 



  



    (11) 

 
ɚ 
 
 
 
 
 
 
 
 
 
 
ɛ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ɋɢɫ. 4. ɗɥɟɦɟɧɬɵ ɫ ɭɩɪɭɝɨ-ɜɹɡɤɢɦɢ ɢ ɭɩɪɭɝɨ-

ɜɹɡɤɨ-ɩɥɚɫɬɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ: ɚ – 
ɭɩɪɭɝɨ-ɜɹɡɤɢɦɢ; ɛ – ɭɩɪɭɝɨ-ɜɹɡɤɨ-ɩɥɚɫ-
ɬɢɱɟɫɤɢɦɢ 

 
ɜ ɢɧɬɟɝɪɚɥɶɧɨ-ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɦ 
 

2 2 1
02 01

2 1 2

1 1
01 2 1

1 2

( ) 1 ( )

( ) 1 ,
t

d E
E dt E

E E ddt E
E dt

   
           

  
         


(12) 

 
ɢɥɢ ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɦ 
 

2
2 2 1

2
2 1 2

2
1 1

01 2 12
1 2

1 1

( ) 1 .

d E d
E E dtdt

E E d dE
E dtdt

     
          

   
        

    (13) 

ȼ ɨɛɨɛɳɟɧɧɨɦ ɜɢɞɟ ɜɵɪɚɠɟɧɢɹ (11)–(13) 
ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɩɨ ɚɧɚɥɨɝɢɢ ɫ ɜɵɪɚɠɟɧɢ-
ɟɦ (1) 
 

2
02

1

2 1
01

1 2

2
01

1

1
2 1

2

( )

1 ( )

( )

1 ,

t

t

t t

t

dt
E

E dt
E

E dt dt

E E dt
E


     

 
       

 
       

 
        

 





 



               (14) 

 
ɝɞɟ ɩɪɢ 01,  =1    ; ɩɪɢ 01,  =0    ; 
ɩɪɢ 02,  =1    ; ɩɪɢ 02 ,  =0    . 
 
ɂɡ (14) ɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɨɞɧɨɝɨ ɢɡ 
ɭɫɥɨɜɢɣ: (2), (4), (7) ɢɥɢ (10) ɜɵɪɚɠɟɧɢɟ (14) 
ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ: (3), (6), (9) ɢɥɢ (11). 
 
ɉɪɢ ɷɬɨɦ ɧɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ ɨɞɢɧ ɨɱɟɧɶ 
ɜɚɠɧɵɣ ɱɚɫɬɧɵɣ ɫɥɭɱɚɣ: ɤɨɝɞɚ 02 0  , ɜɵ-
ɪɚɠɟɧɢɟ (14) ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ 
 

 2 2 1
01

1 1 2

2
01

1

1
2 1

2

1

( )

1 .

t t

t t

t

Edt dt
E E

E dt dt

E E dt
E

  
             

 
      

 
       

 

 

 



 

 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɯɟɦɭ ɜɵɱɢɫɥɟɧɢɣ ɫɨɝɥɚɫɧɨ 
ɪɟɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ, ɩɪɢɜɟɞɟɧɧɨɣ ɧɚ  
ɪɢɫ. 4, ɛ, ɦɨɠɧɨ ɫɜɟɫɬɢ ɤ ɜɢɞɭ, ɩɪɟɞɫɬɚɜɥɟɧ-
ɧɨɦɭ ɧɚ ɪɢɫ. 5. 
 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ, ɜɵɩɨɥɧɟɧɧɵɟ ɩɨ ɷɬɨɣ 
ɫɯɟɦɟ ɞɥɹ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɟ-
ɝɨɫɹ ɩɚɪɚɦɟɬɪɚɦɢ 
 

9
1 2,2 10 ɆɉɚE   , 9

2 4,74 10 ɆɉɚE   , 
13

1 7,5 10 ɉɚ ɫ    , 11
2 4,65 10 ɉɚ ɫ    , 

01 0 Ɇɉɚ  , 02 0 Ɇɉɚ    
ɢ ɧɚɩɪɹɠɟɧɢɟɦ ɩɪɢ ɫɠɚɬɢɢ 

60,0625 10 Ɇɉɚ   , ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 6.  
 
ȼ ɩɪɨɜɟɞɟɧɧɵɯ ɪɚɫɱɟɬɚɯ ɛɵɥɨ ɩɪɢɧɹɬɨ, ɱɬɨ 
ɤɨɷɮɮɢɰɢɟɧɬ ɜɹɡɤɨɫɬɢ 2 const  , ɢɦɟɟɬ  

ı02 

ȿ1 

E2 

 

ı02 

ı01 Ș1 

ȿ1 

E2 

Ș2 

ı 

(15) 
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ı<ı01 

ɞɚ ɧɟɬ 

ı<ı01 

ɞɚ ɧɟɬ 

ȿ1 E2 

ı01 Ș1 

ȿ1 E2 

ı01 Ș1 

ȿ1 

ı02 

E2 

Ș2 

ı = 0 

ı<ı02 

ɞɚ ɧɟɬ 

ı<ı02 

ɞɚ ɧɟɬ 

Ȉ 

ȿ1 

ı02 

E2 

Ș2 

ɤɨɧɟɰ  
ɜɵɱɢɫɥɟɧɢɣ 

ȿ1, ȿ2, Ș1, Ș2, ı01, ı02, ı(t), 
dt
d ; 

2

2




d
d , ( )

t

t dt , ( )
t t

t dt dt
 
 
 
   

 
 

Ɋɢɫ. 5. ɋɯɟɦɚ ɜɵɱɢɫɥɟɧɢɣ ɫɨɝɥɚɫɧɨ ɪɟɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ, ɩɪɢɜɟɞɟɧɧɨɣ ɧɚ ɪɢɫ. 4, ɛ 
 
ɨɞɢɧɚɤɨɜɵɟ ɡɧɚɱɟɧɢɹ ɤɚɤ ɩɪɢ ɩɪɢɥɨɠɟɧɢɢ 
ɧɚɝɪɭɡɤɢ, ɬɚɤ ɢ ɩɪɢ ɟɟ ɫɧɹɬɢɢ. 
 
Ɉɞɧɚɤɨ ɜ ɪɚɛɨɬɟ [5] ɨɬɦɟɱɚɟɬɫɹ, ɱɬɨ ɜ ɨɛɳɟɦ 
ɫɥɭɱɚɟ ɷɬɨ ɞɚɥɟɤɨ ɧɟ ɬɚɤ. ɉɨɷɬɨɦɭ ɩɪɢ ɩɨ-
ɫɬɪɨɟɧɢɢ ɪɟɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɩɨ ɭɪɚɜɧɟ-
ɧɢɹɦ (11), (15) ɧɟɨɛɯɨɞɢɦɨ ɪɚɡɞɟɥɹɬɶ ɷɬɚɩɵ  
ɧɚɝɪɭɠɟɧɢɹ: 
– ɧɚɝɪɭɠɟɧɢɟ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ (ɜɨɫɯɨɞɹɳɚɹ 
ɜɟɬɜɶ ɧɚ ɪɢɫ. 6), ɤɨɝɞɚ: 

2 2c   ,                        (16) 
 
– ɫɧɹɬɢɟ ɧɚɝɪɭɡɤɢ (ɧɢɫɯɨɞɹɳɚɹ ɜɟɬɜɶ ɧɚ  
ɪɢɫ. 6), ɜ ɩɪɨɰɟɫɫɟ ɤɨɬɨɪɨɣ 
 

2 2 p   .                        (17) 
 
ɉɪɢ ɷɬɨɦ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ [5] 
 

2 2c p   .                       (18) 
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Ɋɢɫ. 6. Ɂɚɜɢɫɢɦɨɫɬɶ ( )f t   ɩɪɢ ɫɬɭɩɟɧɱɚ-

ɬɨɦ ɩɪɢɥɨɠɟɧɢɢ ɧɚɝɪɭɡɤɢ ɢ const:    
o – ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ [2]; - – 
ɬɟɨɪɟɬɢɱɟɫɤɚɹ ɤɪɢɜɚɹ 

 
ɗɬɨ ɠɟ ɩɨɥɨɠɟɧɢɟ ɤɚɫɚɟɬɫɹ ɢ ɪɟɡɭɥɶɬɚɬɨɜ 
ɜɵɱɢɫɥɟɧɢɣ, ɩɨɥɭɱɚɟɦɵɯ ɫɨɝɥɚɫɧɨ ɦɨɞɟɥɢ, 
ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫ. 1. 
 

ȼɵɜɨɞɵ 
 
ɉɪɟɞɥɨɠɟɧɵ ɞɜɟ ɪɟɨɥɨɝɢɱɟɫɤɢɟ ɦɨɞɟɥɢ, ɤɨ-
ɬɨɪɵɟ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɞɥɹ ɨɩɢɫɚɧɢɹ 
ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ  
ɚɫɮɚɥɶɬɨɛɟɬɨɧɨɜ ɤɚɤ ɩɪɢ ɪɚɛɨɬɟ ɧɚ ɫɠɚɬɢɟ, 
ɬɚɤ ɢ ɧɚ ɪɚɫɬɹɠɟɧɢɟ. ɉɪɢɧɹɬɚɹ ɨɞɧɨɨɫɧɚɹ 
ɦɨɞɟɥɶ ɧɚɝɪɭɠɟɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɜɡɹɬɚ ɡɚ  
ɨɫɧɨɜɭ ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɬɪɟɯɦɟɪɧɨɣ ɦɨɞɟɥɢ. 
Ⱦɥɹ ɜɵɛɨɪɚ ɪɟɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ, ɧɚɢɛɨɥɟɟ 
ɚɞɟɤɜɚɬɧɨ ɨɩɢɫɵɜɚɸɳɟɣ ɧɚɩɪɹɠɟɧɧɨ-
ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɚɫɮɚɥɶɬɨɛɟɬɨ-
ɧɨɜ ɜ ɩɨɤɪɵɬɢɢ ɞɨɪɨɠɧɵɯ ɨɞɟɠɞ ɢ ɞɥɹ ɩɨɥɭ-
ɱɟɧɢɹ ɢɫɯɨɞɧɵɯ ɪɚɫɱɟɬɧɵɯ ɩɚɪɚɦɟɬɪɨɜ, 
ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɟɞɟɧɢɟ ɲɢɪɨɤɨɦɚɫɲɬɚɛɧɵɯ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɢ ɬɪɟɯ 
ɫɯɟɦɚɯ ɧɚɝɪɭɠɟɧɢɹ: ɫɠɚɬɢɟ, ɪɚɫɬɹɠɟɧɢɟ, 
ɫɞɜɢɝ. 
 

Ⱦɥɹ ɜɵɩɨɥɧɟɧɢɹ ɪɚɫɱɟɬɨɜ ɩɨ ɩɪɟɞɥɨɠɟɧɧɵɦ 
ɚɥɝɨɪɢɬɦɚɦ ɧɟɨɛɯɨɞɢɦɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ 
ɨɩɪɟɞɟɥɟɧɢɟ ɤɚɤ ɦɢɧɢɦɭɦ ɫɟɦɢ ɧɟɢɡɜɟɫɬɧɵɯ 
ɩɚɪɚɦɟɬɪɨɜ 
 

1E , 2E , 1 , 2c , 2 p , 01 , 02 . 
 
ɉɪɢ ɢɯ ɨɩɪɟɞɟɥɟɧɢɢ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ 
ɨɫɨɛɟɧɧɨɫɬɢ ɪɚɛɨɬɵ ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ ɤɚɤ ɩɪɢ 
ɩɪɢɥɨɠɟɧɢɢ ɧɚɝɪɭɡɤɢ, ɬɚɤ ɢ ɩɪɢ ɟɟ ɫɧɹɬɢɢ. 
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