
Earth Sciences 

2025, Vol. 14, No. 1, pp. 33-48 

https://doi.org/10.11648/j.earth.20251401.13  

 

 

*Corresponding author:  

Received: 7 January 2025; Accepted: 23 January 2025; Published: 26 February 2025 

 

Copyright: © The Author(s), 2025. Published by Science Publishing Group. This is an Open Access article, distributed 

under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which 

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 
 

 

Research Article 

On the Relationships Between the Main Parameters of an 

Earthquake and Its Actual Consequences on the Earth's 

Surface the Magnitude and Seismic Moment of Earthquake 

Eduard Khachiyan
1, 2, *  

1
Scientific Department, National University of Architecture and Construction of Armenia, Yerevan, Armenia 

2
Institute of Geological Sciences, National Academy of Sciences of the Republic of Armenia, Yerevan, Armenia 

 

Abstract 

Based on new research, the article presents a formula for determining the potential energy of an earthquake with incorporation of 

seismic moment and displacement angle values. This formula is new compared to the one derived by the author earlier. The 

mechanical interpretation of the new formula is provided. Much effort is devoted to determining the values of “stress relief” 

during strong earthquakes. A formula is derived for determining the values of “stress relief” based on shear modulus and ultimate 

shear strain of the soil stratum at the epicenters of 44 earthquakes. Also, a methodology is offered to determine energy values of 

earthquakes with complex structures of surface rupture, as well as areas of deformation zones on Earth’s surface and areas of 

strong earthquake aftershocks’ locations. New formulas are derived for determining such areas and a comparative analysis is 

provided with similar formulas by K. Kasahara and T. Dambara. 
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1. Introduction 

In 2013-2022 Science Publishing Group’s journal Earth 

Sciences published the author’s four articles [1-4] on some of 

the new undertakings in applied seismology. In the ensuing 

years the author developed some major additions to the men-

tioned articles, which are shared herein. 

 

 

 

2. A New Formula for the Value of 

Earthquake’s Energy 

This part is an addition to the article Method for Deter-

mining the Potential Strain Energy Stored in the Earth before 

a Large Earthquake. Science Publishing Group, Earth Sci-

ences, vol. 2, issue 2, 2013 pp 47-57. In this article [1], based 

on many assumptions the following main formula was derived 

for the potential energy of an earthquake   , (see Figures 1, 2) 
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where:   is the earthquake’s mean slip [8],   is the rupture 

length at the Earth’s surface,   rupture depth,   is the shear 

modulus of the ground rocks, and   is the length of the de-

formed medium (Figure 2) depending on the mean value of 

slip after the earthquake (in meters), expressed as: 

   (    )                   (2) 

The main assumption is that the mean value of slip after the 

rupture occurs is equal to the sum of the two halves of the 

medium’s long-lasting static deformation    ⁄  and the main 

function of the movement perpendicular to the rupture direc-

tion is as follows (Figure 2c): 

 ( )  
 

 
   

  

  
               (3) 

 

Figure 1. Schematic illustration of a slow and lengthy deformation of the medium over a long period of an earthquake maturing, a. deformed 

condition of the medium before development of the rupture, b. distribution of displacements of the medium in the direction perpendicular to the 

rupture before the earthquake,   is the depth of the future rupture,     is static deformations of blocks the moment rupture occurs,   is 

length of the deformation area perpendicular to the rupture,   are regions suggested as not deformed by maturing earthquakes because of 

relatively small deformations compared to the u at the rupture. Arrows show directions of slow slips of blocks, dashed line shows the line of 

future rupture. 

The formula of deformation’s potential energy (1) can be 

interpreted differently from the perspective of mechanics. 

Indeed, it is known that determining a registered earthquake’s 

magnitude is marred difficulties related to the sensitivities of 

seismographs vis-à-vis the Wood-Anderson seismograph, 

especially for very weak and very strong earthquakes. In this 

relation, it was thought that earthquake strength can be 

measured directly by the earthquake focus parameters at 

Earth’s surface. As it was noted in [1], in the process of 

earthquake, in some region of Earth’s crust a sudden rupture 

of rocks occurs along a plane with certain area and relative 

slip. Obviously, the larger the rupture area and relative slip, 

the stronger the earthquake. It is considered that the rupture 

area is in the form of a very thin plate with lateral dimensions 

of   and  , and thickness of b, as shown on Figure 3. Before 

rupture, the tangent forces     make its two sides move rel-

ative to each other at a value of  . Since before the rupture 

this plate is in the state of equilibrium, it can be assumed that a 

pair of forces   apply on its sides with the moment of 

      which is called seismic moment of an earthquake. It 

follows from Figure 3 that the following ratios apply: 

𝛾
𝑏

 
 

 

 
,   𝛾 . 

Thus, the seismic moment of an earthquake is the product 

of three values of an occurred earthquake: rupture area, shear 

modulus and relative slip of the ruptured parts, which is usu-

ally measured in dyn×cm. The main point is that the value of 

the seismic moment of an earthquake can be calculated only 

for earthquakes that caused a rupture at Earth’s surface, i.e. 

for the strongest earthquakes referred to in our articles [1-4]. 
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Figure 2. Schematic illustration of the medium stress condition a-before formation of the rupture, b-after formation of the rupture, c-equivalent 

areas of stress conditions, d-distribution of shear stresses, (lim -limit resistance of rocks), e-interpretation of the physical essence of the 

seismic moment. 

 
Figure 3. The mechanism of the rupturing process and illustration of 

the seismic moment’s occurrence [5, 6]. 

Therefore (Figure 3): 

       𝛾    𝛾 
 

 
             (4) 

This important concept was first introduced in seismology 

by K. Aki [6], who calculated its value first time for the Nii-

gata Earthquake of June 16, 1964 with magnitude       

and                   . 

Now let us get back to the main formula for the energy of 

an earthquake (1). In applied problems of material mechanics 

[7] when determining post and beam deflections from slip, 

the shear rigidity is assumed    ′⁄ , where  is the 

cross-sectional area of an element,   is the shear modulus, 

 ′is called form coefficient of slip and for a rectangular 
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cross-section  ′    ⁄        [7]. Based on the 

above-mentioned, the formula (1) can be presented as a 

product of three parts, as follows: 

   
    

 
 

  

    
 

 

   
              (5) 

It is easy to see that the first multiplier in (5) is the half of 

the value of seismic moment of an earthquake, i.e.    ⁄ , 

while the second multiplier in (5) is the maximum value of 

the first order derivative 𝛾   of the main movement func-

tion (3)  ( ) assumed in deducing the main formula for 

energy (1), at the end-part of a conditionally fixed beam with 

dimensions of           (Figure 2b), i.e.: 

𝛾   
  ( )

  
 

  

    
    

  

  
|
   

 𝛾      𝛾    
  

    
 (6) 

and finally, the third multiplier in (5) can be assumed to be 

   ′⁄   . 

Note that the movement function (3) we used in [1] satis-

fies the following four boundary conditions: 

for      ( )  
 

 
, 

  ( )

  
   

for      ( )   , 
  ( )

  
 𝛾   

Note that the angle 𝛾   may not be equal to zero, since it 

expresses the value of the medium shear deformation in the 

adopted design scheme (Figure 2c). 

No comprehensive results were achieved in an attempt to 

find an alternative displacement function  ( )․ In [2], the 

following version of displacement function  ( ) was ac-

cepted: 

 ( )  
    

 

  

 
(   

  

  
  ),      (7) 

Despite the fact that the function satisfies the boundary 

conditions (under     and    ), and that based on the 

condition (Figure 2 c): 

For      ( )   
 

 
 or  

 

 
  

    

 

  

 
, it follows that: 

    

 
 𝛾      

 

 
 

 

  
  

Which is the same result that can be derived from the 

formula (5): 

𝛾      
  ( )

  
|
   

 
  

    
 𝛾   , 

But it does not meet one of the major conditions of the 

problem that at the point    , the derivative 
  ( )

  
 cannot 

be equal to zero. Therefore, the only function  ( ), adopted 

in [1] that meets all the boundary and physical conditions is 

the equation (3). 

This is also confirmed by the fact that the new formulas 

obtained in [1-3] for determining the values of the earthquake 

energy, ultimate shear strain of the ground, and, as it is shown 

below, the values of “stress relief”, match the same obtained 

by other authors through geodetical methods. 

Thus, the formula (1) for determining the value of the 

earthquake energy    can be presented in the following form: 

   
      

 
.               (8) 

This formula is similar to the one for deformation energy 

for bars and posts torsion, just with a difference that in case 

of the torsion instead of seismic moment    the value of 

real torque      is used, and instead of displacement angle

xy , 

  
     

 
.                (9) 

torsion angle   is used. That is quite explicable, since in 

torsion and in straight displacement only tangential strains 

are created. It has to be mentioned that according to the the-

ory of elasticity, the tangential stresses in mutually perpen-

dicular planes are equal to each other [6]. 

Table 1 shows the earthquake energy classes kd, computed 

by the main formula (1) and the formula (8). The results in-

dicate only insignificant differences. 

Therefore, it can be stated that the earthquake energy Ed is 

the work of the earthquake’s seismic moment 0М  on the 

entire space of the deformed medium, on both sides of the 

future rupture caused by the pending earthquake. 

3. About “Stress Relief” 

As mentioned above, the main function of the movement (3) 

was used in [1] to prove that the deformation energies for 44 

earthquakes are equal when calculated by the method we 

developed and by the known formula of the Gutenberg–

Richter law for the earthquake magnitude s
М . In parallel, 

formula (3) can be used to determine the ultimate shear strain 

and tangential stresses for any points of the deformed medium 

Rx 0 , based on the following formulas: 

     𝛾  , 𝛾   
  ( )

  
 

 

 

 

  
   

  

  
.     (10) 

The maximum value of 𝛾  , which is also ultimate shear 

strain of the ground (𝛾      𝛾   ), will be expressed as 

follows: 

𝛾      
 

 
 

 

  
.              (11) 
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Therefore, if   is the slip value at which ground rupture 

(earthquake) occurred, then the maximum value 𝛾      will 

be equal to the earthquake’s ultimate shear strain 𝛾    of the 

soil stratum with a thickness of h. 

Considering formula (2), the 𝛾   will turn into: 

𝛾    
 

 
 

 

   
     .            (12) 

Unlike the usual impacts, earthquakes cause shear defor-

mations of not just a homogenous layer of a certain ground, 

but of a whole stratum with various soils with a large thick-

ness which is equal to the earthquake focus depth. Hence, the 

actual value of the crust’s shear strain can be determined only 

by the deformation parameters of the earthquake focus at the 

last stage before such earthquake occurs. 

Considering that based on Table 1, the rupture length L for 

all studied earthquakes is larger than the length R, it can be 

assumed that during the static deformation process both 

prismatic spaces with dimensions L x h x R were subjected to 

slip, as it is shown on Figure 2 for the left-lateral slip (LL). 

Since we presume that the value of slip   ⁄  is also the ul-

timate static shear strain at which the rupture of the medium 

occurred, the maximum shear strain obtained through the 

formula (9) can be considered the ultimate slip deformation of 

the ground at the earthquake focus. On the other hand, 

Hooke's law implies the following: 

      𝛾                    (13) 

which can be used to calculate also the values of “stress relief” 

      for the considered 44 earthquakes [8]. The penultimate 

column of Table 1 shows the ultimate shear strain values 𝛾   for 

the rocks at the foci of all 44 earthquakes. The maximum values 

of ultimate strain reached 1.15 x 10-4 (     ,        m), 

the minimum value was 0.02 x 10-4 (     ,          m), 

and the mean value for the 44 earthquakes – 
4

lim
1052.0  . 

It is shown in [2] that these numbers are similar to the data by 

Tsuboi (1932), Rikitake (1979) [13], Kasahara (1981) [10], and 

Mogi (1985) [12] that were obtained for individual earthquakes 

by geodetic methods, which indirectly proves the sufficient 

credibility of the function (3). 

The only additional important parameter of formula (12) is 

the value of earthquake slip  , while the earthquake strength 

is not important. If an earthquake caused a slip, then certainly 

a rupture of medium occurred to the depth of  , with a length 

of   and an area of     . The larger the slip, the stronger 

the earthquake and the firmer is the layer with the height of  . 

As seen in Table 1, the maximum slip reached 14.6 m at 

     , and the minimum slip is 0.1 m at      . As it 

was shown in [2], the earthquake magnitude M and ultimate 

value 𝛾   are related as follows: 

   𝛾              .           (14) 

As for stress relieves      , it follows from the 

above-mentioned that formula (13) can be used to calculate 

the maximum value of the relieved tangential strain      

before the earthquake. In seismology these are called “stress 

relief”, based on the elastic-rebound theory of Reid. 

Formula (13) implies that the value of stress relieves is di-

rectly proportional to shear modulus G  of the rocks in the 

Earth’s crust. In seismology and geotechnology, for the upper, 

near-surface rocks   value is accepted as   (   )  

   kg/cm2. Assuming that         kg/cm2, the last col-

umn of Table 1 shows the stress relief values for 44 earthquakes, 

which are in the range from 2 to 57.5 kg/cm2. The stronger the 

earthquake, the higher the stress relief values. 

Figure 4(a) shows dependence of stress relief       on 

magnitude M and Figure 4(b) on mean slip u . Our research 

shows that for the 44 selected earthquakes, mean slip values 

u  are 1.95-2.08 times smaller than the maximum slip values 

     (Figure 5). 

Table 1. Earthquake parameters [8] and values of energy class kd, ultimate shear strain lim  and stress relief       

No. Country Earthquake location 

Date of 

earthquake 

occurrence 

Type of 

slip 

Earthquake 

magnitude 

   

Rupture 

length  , 

[km] 

Rupture 

depth  , 

[km] 

Maximum 

slip     , 

[m] 

1 USA Fort Tejon 09.01.1857 RL 8.3 297 12 9.4 

2 USA Owens Valley 26.03.1872 RL-N 8 108 15 11 

3 Japan Nobi 27.10.1891 LL 8 80 15 8 

4 Japan Rikuu 31.08.1896 R 7.2 40 21 4.4 

5 USA San Francisco 1/13/1906 RL 7.8 432 12 6.1 

6 USA Pleasant Valley 10/3/1915 N 7.6 62 15 5.8 

7 China Kansy 12/16/1920 LL 8.5 220 20 10 
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No. Country Earthquake location 

Date of 

earthquake 

occurrence 

Type of 

slip 

Earthquake 

magnitude 

   

Rupture 

length  , 

[km] 

Rupture 

depth  , 

[km] 

Maximum 

slip     , 

[m] 

8 Japan North Izu 11/25/1930 LL- R 7.3 35 12 3.8 

9 China Kehetuohai 8/10/1931 RL 7.9 180 20 14.6 

10 Turkey Erzincan 12/26/1939 RL 7.8 360 20 7.5 

11 USA Imperial Valley 5/19/1940 RL 7.2 60 11 5.9 

12 China Damxung 11/18/1951 RL 8 200 10 12 

13 USA Dixie Valley 12/16/1954 RL-R 6.8 45 14 3.8 

14 Turkey Abant 5/26/1957 RL 7 40 8 1.65 

15 Mongolia Gobi-Altai 12/4/1957 LL 7.9 300 20 9.6 

16 USA Hebgen Lake 8/18/1959 N 7.6 45 17 6.1 

17 Iran Dasht-e-Bayaz 8/31/1968 LL 7.1 110 20 5.2 

18 Turkey Gediz 3/28/1970 N 7.1 63 17 2.8 

19 USA San Fernando 2/9/1971 R-LL 6.5 17 14 2.5 

20 China Luhuo 2/6/1973 LL 7.3 110 13 3.6 

21 Guatemala Motagua 2/4/1976 LL 7.5 257 13 3.4 

22 Turkey Caldiran 11/24/1976 RL 7.3 90 18 3.5 

23 Iran Bob-Tangol 12/19/1977 RL 5.8 14 12 0.3 

24 Greece Thessaloniki 6/20/1978 N 6.4 28 14 0.22 

25 Iran Tabas-e-Colshan 9/16/1978 R 7.5 74 22 3 

26 USA Homestead Valley 3/15/1979 RL 5.6 6 4 0.1 

27 Australia Cadoux 6/2/1979 R 6.1 16 6 1.5 

28 USA El Centro 10/15/1979 RL 6.7 51 12 0.8 

29 Iran Koli 11/27/1979 LL-R 7.1 75 22 3.9 

30 Algeria El Asman 10/10/1980 R 7.3 55 15 6.5 

31 Italy South Apennines 11/23/1980 N 6.9 60 15 1.15 

32 Greece Corinth 2/25/1981 N 6.4 19 16 1.5 

33 Greece Corinth 3/4/1981 N 6.4 26 18 1.1 

34 USA Borah Peak 10/28/1983 N-LL 7.3 33 20 2.7 

35 Algeria Constantine 10/27/1985 LL 5.9 21 13 0.12 

36 Australia Marryat Creek 3/30/1986 R-LL 5.8 13 3 1.3 

37 Greece Kalamata 9/13/1986 N 5.8 15 14 0.18 

38 New Zealand Edgecumbe 3/2/1987 N 6.6 32 14 2.9 

39 USA Superstition Hills 11/24/1987 RL 6.6 30 11 0.92 

40 Australia Tennant Greek 1/22/1988 R 6.3 13 9 1.3 

41 China Lancand Gengma 11/6/1988 RL 7.3 80 20 1.5 

42 Armenia Spitak 12/7/1988 R-RL 6.8 38 11 2 

43 Canada Ungava 12/25/1989 R 6.3 10 5 2 

44 USA Landers 6/28/1992 RL 7.6 62 12 6 
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Table 1. Continued. 

No. 
Mean slip 

 , [m] 

Seismic moment 

        , 

[dyne*cm] 

Value of   

from (2), [km] 

Energy 

classes    

(1) 

Energy 

classes    

(8) 

Ultimate shear 

strain from (12) 

lim x 104 

Stress relief      , 

kg/cm
2 

        kg/cm
2
 

1 6.4 114.0 47 16.68 16.79 1.07 53.5 

2 6 48.60 45 16.30 16.41 1.05 52.5 

3 5.04 30.24 40.25 16.06 16.17 0.98 49 

4 2.59 10.88 27.95 15.49 15.60 0.73 36.5 

5 3.3 85.54 31.5 16.44 16.54 0.82 41 

6 2 9.300 25 15.36 15.47 0.63 31.5 

7 7.25 159.5 51.25 16.84 16.95 1.11 55.5 

8 2.9 6.090 29.5 15.26 15.37 0.77 38.5 

9 7.38 132.8 51.9 16.76 16.87 1.12 56 

10 1.85 66.60 24.25 16.19 16.30 0.60 30 

11 1.5 4.950 22.5 15.01 15.11 0.52 26 

12 8 80.00 65 16.55 16.66 1.15 57.5 

13 2.1 6.615 25.5 15.22 15.33 0.65 32.5 

14 0.55 0.880 17.75 13.92 14.02 0.24 12 

15 6.54 196.2 47.7 16.92 17.03 1.08 54 

16 2.14 8.186 25.7 15.32 15.42 0.65 32.5 

17 2.3 25.30 26.5 15.83 15.93 0.68 34 

18 0.86 4.605 19.3 14.80 14.91 0.35 17.5 

19 1.5 1.785 22.5 14.56 14.67 0.52 26 

20 1.3 9.295 21.5 15.24 15.34 0.47 23.5 

21 2.6 43.43 28 16.09 16.20 0.73 36.5 

22 2.05 16.61 25.25 15.62 15.73 0.64 32 

23 0.12 0.101 15.6 12.38 12.48 0.06 3 

24 0.08 0.157 15.4 12.40 12.50 0.04 2 

25 1.5 12.21 22.5 15.39 15.50 0.52 26 

26 0.05 0.006 15.25 10.78 10.95 0.03 1.5 

27 0.5 0.240 17.5 13.32 13.42 0.22 11 

28 0.18 0.551 15.9 13.28 13.39 0.09 4.5 

29 1.2 9.900 21 15.24 15.35 0.45 22.5 

30 1.54 6.353 22.7 15.12 15.23 0.53 26.5 

31 0.64 2.880 18.2 14.49 14.61 0.28 14 

32 0.6 0.912 18 13.97 14.07 0.26 13 

33 0.6 1.404 18 14.16 14.26 0.26 13 

34 0.8 2.640 19 14.53 14.64 0.33 16.5 

35 0.1 0.137 15.5 12.43 12.53 0.05 2.5 

36 0.5 0.098 17.5 12.93 13.03 0.22 11 
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No. 
Mean slip 

 , [m] 

Seismic moment 

        , 

[dyne*cm] 

Value of   

from (2), [km] 

Energy 

classes    

(1) 

Energy 

classes    

(8) 

Ultimate shear 

strain from (12) 

lim x 104 

Stress relief      , 

kg/cm
2 

        kg/cm
2
 

37 0.15 0.158 15.75 12.66 12.74 0.07 3.5 

38 1.7 3.808 23.5 14.93 15.04 0.57 28.5 

39 0.54 0.891 17.5 13.92 14.03 0.24 12 

40 0.63 0.369 18.15 13.59 13.70 0.27 13.5 

41 0.7 5.600 18.5 14.81 14.92 0.30 15 

42 1.22 2.550 21.1 14.65 14.76 0.45 22.5 

43 0.8 0.200 19 13.41 13.52 0.33 16.5 

44 2.95 10.97 29.75 15.52 15.63 0.78 39 

 

Hence, the values of stress relief sr .
  on rupture middle 

areas will be about twice as high, so will reach from 4 to 115 

kg/cm2. According to Brune [5], stress relief values lim
 usu-

ally are in the range of 50-100 bar (kg/cm2), with some as low 

as a few bars and some others as high as a few hundredbars. 

For the San Francisco earthquake of 1906 (     ), the 

stress relief value was estimated by geodetic methods to be 

130 bars. 

  
Figure 4. Dependence of stress relief values       on: (a) magnitude M, and (b) on mean slip  . 

As can be seen the stress relief values calculated by the 

formula (12) depend not only on the shear strain of the rocks, 

but also their shear modulus G. In [4] we have shown that for 

actual ground beddings with a depth of 30 m (andesite-basalt 

rocks of Armenia) of seismic Category I ( 2895
s

v m/sec), 

based on synthetic accelerograms of earthquakes with mag-

nitudes of 7.0, 8.0 and 9.0, at the bedding’s base level (depth 

of 30 m) the design values of xy
  reach 

4105.0 
xy
 , 

41089.0  and 41 28 10.  , respectively, while the stress relief 

values at        kg/cm2 reach 25 kg/cm2 at      , 44 

kg/cm2 at      , and 64 kg/cm2 at      . 

Based on the commonly accepted view, the physical and 

mechanical characteristics of the deep rock layers undergo 

compression forces twice as high or even higher than the 

similar near-surface layers and assuming that   = 2×5×105 

kg/cm2, the values of maximal tangential strains would reach 

50, 90, and 130 kg/cm2 for 0.9,0.8,0.7M , respectively. 
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Figure 5. Dependence of maximum slip      and mean slip   values on: (a) earthquake magnitude  , and (b) on rupture area   . 

 

Figure 6. The dependence of the      ⁄  ratio on the rupture area 

  . 

4. The Energy of the Earthquake with 

Complex Structure of the Surface 

Rupture 

The formula (1) was derived considering only one com-

ponent of slip along the rupture. Table 1 column “Type of slip” 

indicates that some earthquakes had a complex kinematics of 

the slip, and therefore, energy values obtained for these 

earthquakes by formula (1) would be the smallest. 

This is apparent in the example of the Spitak earthquake of 

December 7, 1988, the diagram of surface rupture formation 

of which is presented on Figure 7 [15]. The diagram shows 

that the earthquake had a right-lateral slip R-RL. The hori-

zontal component of the slip was right-lateral with maximum 

of             measured on-site after the earthquake. 

Other parameters of this 38 km long rupture were as follows: 

displacement - 2S  m (measured on-site after the earth-

quake), vertical component -                m, 

compression component -                m, hori-

zontal component   √           m, R=1090, P=530. 

 
Figure 7. The diagram of surface rupture formation during the 

Spitak earthquake [15]. 

In the article [1] the Spitak earthquake energy is calculated 

by the formula (1) with:        ,        ,      

   ,         ,      (     )         , and the 

obtained result is             
    . Similar to [1], let us 

assume that the average horizontal slip     would be 

            
    

⁄           ⁄         , and the 

distance     in this case, according to formula (2) would be: 

       (          )          . Since the other 

parameters would not change, the energy for Spitak earth-

quake based on formula (1), considering only the horizontal 

slip would be: 

                 
 

 

 
 
   

      
(     )      

(    )       
      

               

Thus, the total deformation energy of the Spitak earthquake, 
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considering the peculiarities of the R-RL rupture would be: 

    (       )  (          )             

    
 erg, 

     (          )                      

That is 8% (or 1.08 times) higher that the value without 

taking into account the horizontal component of the slip 

SS=0.5 m. Without the component RL, the energy class of the 

Spitak earthquake is equal to:          [1]. The differ-

ence of energy classes would be: 14.68-14.65=0.03 

5. Strong Earthquake Deformation Areas, 

Area Locations on Earth’s Surface and 

Aftershock Epicenter Locations 

The aftershock process that begins in the post-seismic pe-

riod is caused by the existence of some deformation energy in 

the medium outside the rupture zone. The field of accumu-

lated deformations (strains) before the earthquake usually has 

a very complex structure, related to the non-uniform distri-

bution of rigidity and density characteristics of the rocks, 

existing fractures and ruptures from the previously occurred 

earthquakes. That is why the main shock may trigger after-

shocks (in the weakened structures) which will last until a new 

equilibrium is established in the whole medium that was de-

formed in the pre-seismic period. It is naturally expected that 

aftershock sources would be located along the line of the main 

rupture and around it, where strains are already concentrated. 

Mogi [12] contends that the non-uniform medium in the hy-

pocenter area and minor fractures in it are among the reasons 

for aftershocks of strong earthquakes, and that a large number 

of foreshocks and aftershocks indicate that there are many 

areas with weakened rocks in the medium surrounding the 

main rupture. According to Kasahara [10], aftershocks and 

surface deformations tend to be located in the same area 

around the epicenter. 

In the context of the significant deformations area, it means 

that that aftershocks of the above-mentioned 44 earthquakes 

should be located within an area 2RL (cm2): 

            (   ),        (15) 

where the rupture length   and (   ) are measured in cm. 

Actually, as it can be seen on Figure 2c, formula (15) is the 

sum of slip deformation areas on two sides of the rupture on 

Earth’s surface. 

Kasahara [10] presents the following empirical dependence 

between the area of the epicenter locations of earthquake 

aftershocks    (in cm2) and the magnitude of the main 

earthquake’s shock M: 

              .           (16) 

It is interesting to compare the location area value by for-

mula (16) and the area by the above proposed formula (15). 

Incidentally, Kasahara [10] also brings up Dambara’s [11] 

formula for determining the radius of the circular area of slip 

deformations on the surface around the epicenter: 

              ,           (17) 

where r is the radius of the deformation area measured in cm. 

Comparing formula (16) and (17) Kasahara concluded that 

aftershocks and surface deformations tend to be located in the 

same plane around the epicenter. Indeed, the area of a circle 

with the radius r equals to       , and hence: 

             ,           (18) 

If rlg from formula (17) is inserted in (18) the following 

will be derived: 

            (          )             (19) 

which is almost the same as the formula (16). 

Thus, in both cases the deformation areas around the earth-

quake focus are assumed as the aftershocks distribution area. 

However, it has to be noted that in formula (16) such area cor-

responds to the earthquake model with a single-point focus, 

which currently is considered unrealistic, especially for strong 

earthquakes. “From a physics perspective it is hard to believe 

that a single point in the rocks can accumulate so much energy 

and release it instantly. It is then natural to assume that energy 

processes in the focus are related to some finite volume in Earth” 

[10]. The above-mentioned model in [1] assumes that the en-

ergy release source is a 3D space (Figure 2a) with dimensions 

  as the rupture length on surface,   as the depth of the 

earthquake focus and    as the medium deformation width in 

the direction perpendicular to the to rupture, depending on the 

relative deformation (slip)  ̄ at the rupture. Figure 8 shows the 

empirical dependence of the deformation energy class value    

for strong earthquakes with the magnitude           on 

the rupture area    , deformation volume       and 

earthquake’s seismic moment   . 

Figure 8 demonstrates that for earthquake magnitudes 

          the volume of such source could be over 

500000 km3, and the rupture area up to 6000 km2. 

For a comparative analysis, values of    and    were 

calculated by formulas (15) and (16) for 27 earthquakes with 

magnitudes      , which had high probability of causing a 

rupture on Earth’s surface. Table 2 indicates the parameters of 

these 27 earthquakes with magnitudes       and respec-

tive values of   ,      , 
      

  
 and     ⁄ . Figure 9 shows 

the distribution of differences         in percentages 

relative to   for all 27 earthquakes. It can be seen from Table 

2 and Figure 9 that the largest difference between    and    

is observed for four earthquakes: Nos. 5, 14, 16, 19 the rupture 
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lengths of which are quite big; 

     ,    ,            , respectively, while the av-

erage slip  ̄  is relatively small:      ,     ,             

meters, respectively. 
 

  

 

Figure 8. Dependence of the deformation energy class value dk , (       ) for 44 strong earthquakes with the magnitude       

    on the rupture area     , deformation volume        and earthquake’s seismic moment   . 

Table 2. Earthquake parameters and comparison of the aftershock areas based on formulas (15) and (16) for 27 earthquakes with magnitudes 

 7.0 [8]. 

No. earth-

quake 
Country 

Earthquake loca-

tion 

Date of the 

earthquake 

Earthquake 

Magnitude 

   

Length of 

the gap   

(km) 

Depth of 

the rupture 

h (km) 

Maximum 

movement 

     (m) 

Average 

movement 

 ̅ (m) 

1 USA Fort Tejon 09.01.1857 8.3 297 12 9.4 6.4 

2 USA Owens Valley 26.03.1872 8 108 15 11 6 

3 Japan Nobi 27.10.1891 8 80 15 8 5.04 

4 Japan Rikuu 31.08.1896 7.2 40 21 4.4 2.59 

5 USA San Francisco 1/13/1906 7.8 432 12 6.1 3.3 

6 USA Pleasant Valley 10/3/1915 7.6 62 15 5.8 2 

7 China Kansy 12/16/1920 8.5 220 20 10 7.25 

8 Japan North Izu 11/25/1930 7.3 35 12 3.8 2.9 

9 China Kehetuohai 8/10/1931 7.9 180 20 14.6 7.38 

10 Turkеy Erzihcan 12/26/1939 7.8 360 20 7.5 1.85 

11 USA Imperial Valley 5/19/1940 7.2 60 11 5.9 1.5 

12 China Damxung 11/18/1951 8 200 10 12 8 

13 Turkеy Abant 5/26/1957 7 40 8 1.65 0.55 

14 Mongolia Gobi-Altai 12/4/1957 7.9 300 20 9.6 6.54 
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No. earth-

quake 
Country 

Earthquake loca-

tion 

Date of the 

earthquake 

Earthquake 

Magnitude 

   

Length of 

the gap   

(km) 

Depth of 

the rupture 

h (km) 

Maximum 

movement 

     (m) 

Average 

movement 

 ̅ (m) 

15 USA Hebgen Lake 8/18/1959 7.6 45 17 6.1 2.14 

16 Iran Dasht-e-Bayaz 8/31/1968 7.1 110 20 5.2 2.3 

17 Turkеy Gediz 3/28/1970 7.1 63 17 2.8 0.86 

18 China Luhuo 2/6/1973 7.3 110 13 3.6 1.3 

19 Guatemala Motagua 2/4/1976 7.5 257 13 3.4 2.6 

20 Turkеy Caldiran 11/24/1976 7.3 90 18 3.5 2.05 

21 Iran Tabas-e-Colshan 9/16/1978 7.5 74 22 3 1.5 

22 Iran Koli 11/27/1979 7.1 75 22 3.9 1.2 

23 Algeria El Asman 10/10/1980 7.3 55 15 6.5 1.54 

24 USA Borah Peak 10/28/1983 7.3 33 20 2.7 0.8 

25 Armenia Spitak 12/7/1988 7 38 11 2 1.22 

26 China Lancand Gengma 11/6/1988 7.3 80 20 1.5 0.7 

27 USA Landers 6/28/1992 7.6 62 12 6 2.95 

Table 2. Contiuned. 

No. earth-

quake 

The value of   

according to the 

formula (2) (km) 

Size of the area 

Q1/10
14

, to the for-

mula (15), cm
2
 

Size of the area 

Q2/10
14

,
 
to the 

formula (16), cm
2
 

Difference in areas 

Q1-Q2=Q/10
14

, cm
2
 

Deviations 

Q/Q2 in % 

Deviations 

Q1/Q2 

1 47 3.02 2.92 0.10 3.42 1.03 

2 45 0.97 1.45 -0.48 -33.10 0.67 

3 40.25 0.64 1.45 -0.81 -55.86 0.44 

4 27.95 0.22 0.22 0.00 0.00 1.00 

5 31.5 2.72 0.90 1.82 202 3.02 

6 25 0.31 0.56 -0.25 -44.64 0.55 

7 51.25 2.26 4.68 -2.42 -51.71 0.48 

8 29.5 0.21 0.28 -0.07 -25.00 0.75 

9 51.9 1.87 1.14 0.73 64.04 1.64 

10 24.25 1.75 0.90 0.85 94.44 1.94 

11 22.5 0.27 0.22 0.05 22.73 1.23 

12 65 2.60 1.45 1.15 79.31 1.79 

13 17.75 0.14 0.14 0.00 0.00 1.00 

14 47.7 2.86 1.14 1.72 151 2.51 

15 25.7 0.23 0.56 -0.33 -58.93 0.41 

16 26.5 0.58 0.17 0.41 241 3.41 

17 19.3 0.24 0.17 0.07 41.18 1.41 

18 21.5 0.47 0.28 0.19 67.86 1.68 
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No. earth-

quake 

The value of   

according to the 

formula (2) (km) 

Size of the area 

Q1/10
14

, to the for-

mula (15), cm
2
 

Size of the area 

Q2/10
14

,
 
to the 

formula (16), cm
2
 

Difference in areas 

Q1-Q2=Q/10
14

, cm
2
 

Deviations 

Q/Q2 in % 

Deviations 

Q1/Q2 

19 28 1.44 0.45 0.99 220 3.20 

20 25.25 0.45 0.28 0.17 60.71 1.61 

21 22.5 0.33 0.45 -0.12 -26.67 0.73 

22 21 0.32 0.17 0.15 88.24 1.88 

23 22.7 0.25 0.28 -0.03 -10.71 0.89 

24 19 0.13 0.28 -0.15 -54 0.46 

25 21.1 0.16 0.14 0.02 14.29 1.14 

26 18.5 0.30 0.28 0.02 7.14 1.07 

27 29.75 0.37 0.56 -0.19 -33.93 0.66 

Average value 

Average value without earthquakes № 5, 14, 16, 19 

36 1.36 

6.49 1.06 

 
Figure 9. Dependence of aftershock location area differences in percent between formula (16) and empirical formula (15) for 27 earthquakes 

with magnitudes      . 

If these four earthquakes are excluded as “unusual”, the 

mean values of percentage differences of   and area ratio 

differences     ⁄  would amount at 6% and 1.06 times, 

respectively. 

Figure 10 shows logarithmic and linear dependencies of 

aftershock location areas   ,   on magnitudes       for 

23 strong earthquakes. 

Logarithmic dependencies are: 

                 

                           (19) 

Linear dependencies are: 

                     

                            (20) 

Let us use the example of Spitak earthquake with      , 

       ,         ,          , to calculate after-

shock location areas using different methods. 

Based on the empirical formula (16): 
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Based on the proposed formula (15): 

        ( ̄   ) 

          (      )                

 

 
Figure 10. Logarithmic and linear dependencies of aftershock lo-

cation areas           on earthquake magnitude M, based on 

formulas (15) and (16). 

Now let us calculate the actual area    of aftershock loca-

tions after the Spitak earthquake. According to [9], the Spitak 

earthquake had over 200 aftershocks with        , the 

map of locations of which is provided in Figure 11 [9], where 

the nominal dotted rectangle having sides with lengths of 52.2 

km and 32.1 km is used to calculate their area. The actual area 

   is then (Figure 11): 

                                       

Apparently the differences between the values   ,    and 

   are insignificant and they can be assumed acceptable to 

solve such seismology problems, as determining the earth-

quake aftershocks area. It follows from these data that for the 

majority of usual earthquakes, formulas (15) and (16) are well 

correlated for determining the area of aftershocks epicenter 

locations, and for the Spitak earthquake    turned to be 

closer to   . 

 
Figure 11. Locations of aftershock epicenters of Spitak earthquake 

7.12.1988 [9] and the nominal rectangle (dotted) of calculated 

aftershocks area. a. geographic location of epicenters b. Projection 

of hypocenters on the plane of the rupture, c. hypocenters in the zone 

of the plane perpendicular to the surface [9]. 

It has been shown that areas of aftershocks and defor-

mations around the rupture on Earth’s surface are identical, 

and their area can be determined using the values of rupture 

length   and mean slip  ̄ at the rupture after the earthquake. 

New empirical logarithmic and linear relations were de-

termined between the strong earthquake’s aftershock loca-

tions area and the magnitude of the main shock. 

6. Main Results of Works 1, 2, 3, 4 

1. A new model is proposed from the point of view of 

mechanics of solid mechanical bodies, the occurrence 

and origin of a strong earthquake based on quantitative 

real deformation parameters of the consequences of 

earthquakes on the earth's surface: the length of the 

rupture, the depth of the source and the relative move-
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ment along the line of extension of the new rupture. 

2. On this basis, a new method has been developed for de-

termining the magnitude of earthquake energy, the ulti-

mate shear deformation of the earth's crust, the spatial 

dimensions of the focal zone (where the mechanical po-

tential energy of the deformed medium of the earth's crust 

slowly accumulates, stresses relieved after an earthquake 

(Reid's Hypothesis), the areas of the deformed medium of 

the earth's surface and the location of aftershocks on the 

earth's surface and predicting the values of seismograms 

and accelerograms for future strong earthquakes. 

3. Numerous new empirical relationships have been es-

tablished between different levels of earthquake con-

sequences and its force elements: magnitude, seismic 

moment, accelerations, velocities and displacements. 

4. Based on the above studies, a new method has been de-

veloped for reliable prediction of seismograms, vel-

isograms and accelerograms and their change over time, 

shear deformations of soils along the depth of the foun-

dation during strong earthquakes depending on the mag-

nitude of the predicted earthquake, soil conditions of the 

construction site and the distance before the rupture of the 

predicted earthquake on the earth's surface: It is shown 

that the spectra of earthquake reactions obtained on the 

basis of synthetic accelerograms are both quantitatively 

and qualitatively close to the spectra of reactions obtained 

on real accelerograms of strong earthquakes. The main 

positive result of these studies is that they indicate the 

possibility of using synthetic accelerograms and seismo-

grams in assessing the degree of seismic hazard of terri-

tories, ensuring seismic safety of especially important 

objects and underground structures, as well as in scientific 

research on improving the method of calculating build-

ings and structures for seismic impacts. 
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