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Abstract: This paper describes a technique for determining the potential energy of deformed material around a future
earthquake rupture, with this energy being stored during the precursory period. The basic parameters are the following:
rupture length on the Earth’s surface after the earthquake has occurred L, rupture depth h, and the relative block movement
along the rupture strike line ¥ . We compared the results for 44 large earthquakes with those derived by determining seismic

wave energy from earthquake magnitude.
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1. Introduction

According to current concepts [1-5], an earthquake re-
sults from a mechanical rupture in the earth due to the con-
tact of two geological blocks (plates) with uneven edges as
they slowly move in opposite directions. Prior to the earth-
quake, a region in the contact medium is under continually
growing mechanical stresses due to deformation of the
rocks around the rupture; hence, an amount of energy is
stored there. This is the potential energy of the medium or
strain energy As a matter of fact, this energy is the total
(complete) energy that has been stored in the earth before
the earthquake. This complete energy separates on being
released by the earthquake into the energy of seismic waves
(kinetic energy) and thermal friction energy on the respon-
sible fault, or into the energy required to crush the host
rocks [1].

There are several relations [6] in use for determining the
energy of seismic waves. We used the following relation [7]:

logEg =118+15M, kg =logE; (1)

where Ejis the energy of seismic waves in ergs, M gis
earthquake magnitude, and kg is the earthquake energy
class when Eis in Joules.

There is no well-established theory in seismology to de-
rive quantitative relationships between the energy of seismic
waves and the thermal energy of fault friction. Much de-
pends on the coefficient of sliding friction. The ratio be-
tween the two types of energy for different earthquakes must

in principle be different. The ratio strongly depends on the
mechanism of rock rupture and on the orientation of the
rupture plane. Several researchers [8-10] believe that melt-
ing must occur on the rupture plane if the friction stress (of
blocks) during a large earthquake exceeds a definite thre-
shold. However, there is scant mention of such phenomena
in the literature. The present study develops a simple method
for determining the potential energy in a medium that has
been deformed during the precursory period of a large
earthquake based on macro seismic impact on the Earth’s
surface after the event.

2. Formulation of the Problem

In a general case the potential energy stored in an elastic
medium, £, can be expressed as follows [1, 11]:
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where O, T;and €;, J;are the tensors of normal and
tangential stresses and strain, respectively and V is the total
volume of the medium under stress and strain.

One essential drawback to (2) is that the expression for
E, is the elastic energy of a medium not under stress pre-
viously. This formulation of the problem is actually consis-
tent with the Reid model for earthquake generation where
“during an earthquake the two sides of the fault experience a
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mutual movement that exactly corresponds to the complete
release of elastic stress on the fault” [12]. However, the
stress in the medium is not released completely by every
earthquake. Actually, the precursory process of an earth-

quake starts in the medium under some initial stresses O 2 ,

and, as a consequence, with some initial elastic energy £ .
The energies E, and E, are not additive; hence, the cor-
rect expression for total elastic energy will involve cross
terms of the form o€,

i €ii >
ponents of the imminent earthquake. According to many
specialists, the character of the distribution and the values of
the initial stresses are primarily related to the presence of
secondary ruptures and various cracks in the rupture zone.
What exactly is the stress that has been released by an
earthquake can be found by measuring the associated strains
before and after the earthquake. Such measurements have
been made for several earthquakes.

The influence of initial stresses on the final value of po-
tential energy stored as strain in the medium before an
earthquake is very likely determined by the start time and
duration of the precursory period. There may be cases in
which the residual stresses of a previous earthquake have
completely or partially disappeared before the precursory
period of the next earthquake. No clear-cut answers to such
questions are available in the literature in earthquake me-
chanics. Simple calculations that we carried out based on [1]
show that, for a small volume AV in the central part of the
rupture where the stress field is approximately oriented in
the fault plane before and after the earthquake, one can get

TZ ]
_ 0
N

where Af is total energy with initial stresses incorpo-
rated, A  is the energy without initial stresses, T, is initial
d

where €; are the strain com-

(2a)

tangential stress, and T is the tangential stress before the
earthquake. As can be seen from (2a), the ratio
q (22) NE/AE,

varies in a narrow range (between 1 and 0.91) when
0<7,/7<0.3 0 ; this ensures that the use of (2) cannot
<r1,/T<0.

entail serious error in many cases. We also note one impor-

tant circumstance that arises in the use of (2): all calculations

of p from(2)directly involve, not the stress values, but the
d

actual slip ;; and the geometrical characteristics of the new

rupture 7 and 5 resulting from an earthquake, which

cannot arise without the influence of initial stresses in the
medium. It is difficult to predict whether this can happen
completely or partially. By the way, neither does the deter-
mination of earthquake energy using the empirical relation

(1) directly employs the effects of initial stresses, since
carthquake magnitude ,, is found from actual characte-
N

ristics of ground motion (trace amplitude and period) of
seismograms during the earthquake.

In view of the above, the question as to what exactly the
potential strain energy stored in the medium before a large
earthquake obtained by (2) is remains open.

We now formulate the following problem: Find the total
potential energy (2) after an earthquake from its effects on
the Earth’s surface: rupture length L, fault depth %, and
relative slip along the fault « . Figure 1 shows a schematic
distribution of stress and strain before and after a rupture and
the distribution of tangential stresses near the rupture in the
direction perpendicular to the rupture, where 7, is the
tangential stress yield limit.

It is natural, to a first approximation, to assume that the
stress distributions to the left and to the right of a future
rupture are identical in character. The most important pa-
rameter of these regions is the extent A to which tangen-
tial stresses penetrate in the direction perpendicular to the
rupture.

We will assume that the state of stress and strain around a
future rupture on the Earth’s surface has the form shown in
Fig. 1 as the shaded region confined within a closed curve
C . We also assume that the stresses and strains in the me-
dium outside the region C are small compared with their
values near the rupture; hence, they can be neglected in the
determination of total potential energy. It can be seen from
this figure that the region of incorporated stresses and strains
confined within C can be replaced with an equivalent
rectangular area with sides 2H and L shown by dashed
lines. In other words, we assume that the state of stress and
strain in the earth before the occurrence of an earthquake
was concentrated in two rectangular parallelepipeds with
sides L, H ,and 4, where # is rupture depth (block size in
depth, Fig. 1b), L is the length of the actual rupture on the
Earth’s surface, and H is the distance from the rupture
beyond which the earth can be treated as being free of the
stresses that were induced by the future earthquake.

We assume that during the last phase in the earthquake
precursory process each of the two parallelepipeds has a slip
equal to u/2, while after the rupture it will have a relative
slip of u (see Fig. 1b). The relative slips along the rupture
usually obey a no uniform distribution. For this reason it is
advisable to take some mean value u as the slip for the
entire rupture L .

For several large earthquakes the quantity u was de-
termined by Wells and Coppersmith [13] who believe that it
is in relation to the mean slip u that the relative slip can be
assumed to be identical throughout the length and depth of
paired fault planes.
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Fig. 1. Schematic presentation of the state of stress and strain in the medium (a) schematic picture of strain before rupture; (b) after rupture; (c) shear stress
distribution; (d) theoretical strain di$ram after rupture. L is rupture length, h rupture depth, H the extent of strain region perpendicularly to the rupture, u

the mean relative slip, F fault area,

T strength limit, a the extent of strain region parallel to the fault, C the curve that confines the strain region, u(x) the

slip function perpendicularly to the fault. Arrows show the directions of slow block movement.

3. Boundaries of Deformed Regions
Around the Rupture

Now we consider the question of how to find the regions
of felt strain during the precursory periods of earthquakes
until the very last phase that culminates in rupture. Reid [12]
was the first to use measurements of this strain from geo-
detic triangulations conducted before and after the Califor-
nia earthquake of 1906.

Many such plots for tens of Japanese and American
earthquakes can be found in [14], a work devoted to earth-
quake prediction.

Figure 2 shows such relations for three earthquakes from
the above book. These plots give some idea of the quantita-
tive decay of strain magnitude with distance from the fault
perpendicular to it. Based on these and other similar results
quoted in this work we propose the following empirical
relation between the depth of strain H (in meters) and mean

slip “ (in meters):

H = (52 +15)x10°’ 3)

According to (3), assuming the mean relative slip of the
blocks to be # =1 m, we find that the ground displacement
before the rupture and after the earthquake rupture must be

set equal to zero for a distance H = 103(5 x1+ 15) =20 km

from the rupture to both sides of it throughout the entire
rupture length L, that is, outside the area LX2H , and
H =25 kmfor u =2 m. Relation (3) is applicable to large
earthquakes only with a relative surface slip of at least 10-1
m in order to make the error of measurement in the field
negligible. It can naturally be supposed that relation (3)
given here might produce results for some individual
earthquakes that are much different from the recorded actual
results.
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Fig. 2. Displacements of triangulation stations and the falloff of their
values. (a) horizontal displacements of triangulation stations caused by the
Tottori, Kern Country, and Tango earthquakes [14]; (b) falloff of horizontal
displacements parallel to the fault with the distance to the fault [14]

Corrections to such relationships could be obtained from
solutions of theoretical problems by methods of elasticity
theory. Kasahara [4] used solutions to problems in elasticity
theory for the model of a vertical fault with strike separation
in the form of an infinite strip that intersects the surface of an
elastic half-space under homogeneous shearing stresses [15]
to give the theoretical relationship between the slip # on
the Earth’s surface along the direction of the fault strike and
the coordinate x perpendicular to the fault, as follows:

Table 1. Distance H in relation to rupture depth h and a coefficient a

5 Hx107, m
T g =015 a=02
10 49 32 24
15 74 49 36
20 98 64 48

)=t |l oF +1t-wi0)| @

where u,,,, is the peak (maximum) amplitude of slip and
D is the vertical extent of the fault (fault depth /). The
maximum slip u,,, is related to the other parameters as
follows:

_2AoD
Unax =
G

, Ao == max , (5)

where Ao denotes the stress drop by the rupture and G

is the shear modulus.

Relation (4) can be used to estimate H, the depth to
which felt strain penetrates. For example, if we limit our-
selves to the case of a half-space where slips below
a’umax(a <1) are treated as virtually non-existent (here,
a is the ratio of slip as given by (4) at a distance x=H
from the fault u(Hs) to the maximum slip on the fault
u(O) at point x =0), then we get from (4).

2
umax ﬁ +1 _ﬁ = aumax (43)
D 2

from which the expression for H is,

_ 2 .
H=1 a'D 6)

2a

With a=0.2 and fault depth D=/h =10 km, we get
H =24 km from (6). The values of H for various @ and 4
are given in Table 1.

The appendix to K. Kasahara’s work mentioned above
also contains a formula (for Japan) to determine the radius
of the deformed area » (km) in relation to earthquake
magnitude M [4] as follows:

logr =0.51M —2.27° 7

which can also be used to provide an idea of the above-
mentioned extent H of the incorporated strain. According
to this formula, we get r = H = 6 km, 20 km, and 64 km for
earthquakes with magnitudes M = 6, 7, and 8, respectively.

4. Potential Strain Energy

Having now at our disposal the values of mean slip u
rupture length L, rupture depth /4, and the extent of the
region of incorporated strain H , we are in a position to find
the potential energy from (2). Assuming the region Lx2H
to be under pure shear, we shall have [11]:

Uxx = O-yy = o-zz = 0 Txy = T(x)’ Tyz = sz = 0

Vo = o V: =V =0
v g Ve (8)
Ou
7(x)=G=—, dV =Lhdx 0<x<H.
Ox
Consequently, the total potential energy will be
H H 2
E, =21 | 2(x) 2 Ly = 2E1G (a—”] dx. ©)
29 0x 2 o\ox
For u(x) we will use a simpler formula:
u T
u(x):—cos— (10)

2 2H’

which satisfies the boundary conditions of the problem
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(see Fig. 1d):

u

for x=0 u=—
> an

forx=H u=0

Using (10), we get for potential energy E,:
H —2
£, =2[ 0T T sin® 7% gy (9a)
2 4 4H 2H

0
Doing the operation of integration, we derive the fol-
lowing simple relation:

_ T LhG _,

EEY)

or E, :0.308”’7(;52 (12)

The value of energy E; in_(9) was calculated using the
decaying slip function #(x) from (4). In that case we
shall have for E,;:

2
x
H —
d:2L2hGIu D _ 2x +11ax .

4D’ (sz 2
’ S|+ pf S|+t
D (Dj

On integrating (9b) we get

(9b)

LhG u?
EF =——x
¢ 4 D?

" 7o (9¢)
X 2H—Darctan——2D[1/—2+1 —1} .
D D

Calculation shows that the expression in square brackets
in (9b) is 0.43D given (6), whatever is the value of H. We
thus have

_0.1075

E, = LhGu®

) —2 (12a)
or Ed=0.1o7512” th” .
a

Comparison of this value with that of £, from (12) shows
that the two are exactly equal for a =0.17 (H = 2.86D).
When a =0.15, the difference between the values of Ej
from (12) and (12a) is 13% toward lesser values.

Assuming the simplest linear relationship for the de-
caying slip function u(x) in the form

u(x)=z(l—i]

2 H
we get for potential energy E, from (9)

LhGu?

—2
SLnGu” g =005 ,
H

4H

E, (12b)

which is different from the value of £;based on (12) by a

mere 15%. To sum up, with fixed u# and H, the character
of the decaying slip function u(x) is not significant for
determining the value of potential energy.

We shall use (12) to find E, for the 1988 Spitak, Armenia
earthquake with the following parameters [13]:

L =38 km =38x10° m,
h=11 km =11x10° m,

U, =2 m=200 cm,
u=122m=122 cm.
H=10*x(5x1.22+15)=
=21.1km =21.1x10° m
G =5x%10"" dyne/cm” =10'° Pa
£, = 9.87x38x10° x11x10° ><55><10“ x(122) _
32x21.1x10
=454726x10' dyne[¢m

or E,=0.45x10"ergs=0.45%10"J.

The energy class of an earthquake k, as found from strain
energy E4 will be
k,=logE, -7. (13)
Substituting the value of E; for the Spitak earthquake, we
get

k; =10g0.45+22-7=-0.34 +15 =14.66.

For comparison purposes we now find the value of kg
from magnitude M; by transforming (1) to the form

kg =logE, =11.8+1.5M;-7=
_ (1a)
=1.5M, +4.8.

For the Spitak earthquake, whose magnitude was Mg =
6.8, we find

ks =1.5%6.8+4.8=15.

We thus see that the difference in energy class as found
from (13) and (1a) is inconsiderable. In a similar way for
44 large earthquakes we found &, and kg from (13) and (1a)
(Table 2). All the data used for Table 2 were borrowed from
[13] who give macro seismic parameters for the rupture
zones of 244 large earthquakes for the period 1853-1993.
We only used those earthquakes for which all the three
parameters (L, A, u ) were available in their paper, because
we could then find energy using (12). The main inference
from our results is that the values of energy found from (12)
generally obey the well- known relationships that specify
that the value of released energy increases with increasing
extent of surface rupture L, rupture depth 4, and relative
slip of paired blocks u . These relationships are plotted in
Fig. 3. In the same figure are shown also indirect depen-
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dences k, from the value of area of plane of rupture
F =Lh , volume of strain space around the rupture
V' =LhH and value of seismic moment M, = FGu (F in
cm?, Vin em’, M, in dyne'cm). The respective formulas are
as follows (E; in Joules, L and /4 in 10° m, and # in m):

logE, =2.74log L +10.04
logE, =2.46logu +14.62
logE, =0.19A+11.89

logE, =1.79M ¢ +2.16

logE, =2.151gF —12.83
logE, =1.881glV —21.36
logE, =1.35M,—-21.14

(14)

It can be seen from the last plot in Fig. 3 that the energy
classes of the earthquakes under consideration as found
from (12) and (13) proposed here for use and the respective
magnitudes Mg (Table 2) are linearly related:

k,=1.79M +2.16 (1b)

E. E. Khachiyan: Method for determining the potential strain energy stored in the earth before a large earthquake

This shows that earthquake energy linearly depends on
earthquake magnitude using both the method for energy
determination we propose in this paper and that from (1a).
The mean deviation ks— k, between (1a) and (1b) does not
exceed 0.46.

It can be seen from Table 2 that the energy class values
for most earthquakes, except for 3-5 events whose relative
slip u was below 0.2 m, which were found from (13) and
(1a) are of the same order. The mean deviation of these is
0.66 (Fig. 4a). As expected, some slight deviation occurs
for small earthquakes whose mean slip was u <0.2 m;
when these events were excluded from this calculation, the
mean deviation becomes about 0.5, that is, the scatter does
not exceed one energy class unit. Since both formulas are
approximate and semi-empirical, the difference is only
natural.

One slip component only was used when deriving (12).
From Table 2 (the Rupture type column) it can be seen that
for some earthquakes there was a more complex slip ki-
nematics; hence, the energy values for such earthquakes as
found from (12) will be the least.

Table 2. Earthquake parameters and the energy kd and kS as calculated from (13) and (1a)

Energy
Value of classes ks
Earthquake Date Type Earthquake Rupture Rupture Maximum Mean based
No. Country nq of earthquake ype magnitude, length depth slip slip Hfrom . c.don ase
location of slip — on M.
occurrence Ms L (km) h (km) umax(m) U (m) 3)km) Eas L
. using
using (13) (la)
United .
1 States Fort Tejon 09.01.1857 RL 8.3 297 12 9.4 6.4 50.84 16.68 17.25
United
2 States Owens Valley 26.03.1872 RL-N 8.0 108 15 11 6.0 45 16.30 16.8
3 Japan Nobi 27.10.1891 LL 8.0 80 15 8.0 5.04 40.25 16.06 16.8
4 Japan Rikuu 31.08.1896 R 7.2 40 21 4.4 2.59 27.95 15.49 15.6
United .
5 States San Francisco 13.01.1906 RL 7.8 432 12 6.1 33 31.5 16.44 16.5
¢ United  Pleasant 03.10.1915 N 7.6 62 15 5.8 20 25 15.36 16.2
States Valley
7 China Kansy 16.12.1920 LL 8.5 220 20 10.0 7.25 51.25 16.84 17.55
8 Japan North Izu 25.11.1930 LL-R 73 35 12 3.8 2.9 29.5 15.26 15.75
9 China Kehetuohai 10.08.1931 RL 7.9 180 20 14.6 7.38 51.9 16.76 16.65
10 Turkey Erzihcan 26.12.1939 RL 7.8 360 20 7.5 1.85 24.25 16.19 16.5
jy United - Imperial 19.05.1940 RL 72 60 11 5.9 15 225 15.01 15.6
States Valley
12 China Damxung 18.11.1951 RL 8.0 200 10 12.0 8.0 65 16.55 16.8
United ..
13 States Dixie Valley 16.12.1954 RL-R 6.8 45 14 38 2.1 25.5 15.22 15.0
14 Turkey Abant 26.05.1957 RL 7.0 40 8 1.65 0.55 17.75 13.92 15.3
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15 Mongolia Gobi-Altai  04.12.1957 LL 79 300 20 9.6 6.54 477 16.92 16.65
United

16 . HebgenLake 18.08.1959 N 7.6 45 17 6.1 214 257 15.32 16.2

17 Iran Dasht-e-Bayaz 31.08.1968 L 7.1 110 20 52 23 265 15.83 15.45

18 Turkey Gediz 28.03.1970 N 7.1 63 17 2.8 086 193 14.80 15.45
United

19 g San Fernando 09.02.1971 RLL 65 17 14 2.5 15 225 14.56 13.75

20 China  Luhuo 06.02.1973 LL 73 110 13 3.6 13 215 15.24 15.75

21 Guatemala Motagua 04.02.1976 LL 75 257 13 34 26 280 16.09 16.05

22 Turkey  Caldiran 24.11.1976 RL 73 90 18 3.5 205 2525  15.62 15.75

23 Tran Bob-Tangol  19.12.1977 RL 58 14 12 03 012 156 12.38 13.5

24 Greece  Thezzaloniki 20.06.1978 N 6.4 28 14 0.22 008 154 12.40 14.4

25 Tran s 16.09.1978 R 75 74 22 3.0 15 225 15.39 16.05

bas-e-Colshan

e UTEL RO g e RL 56 6 4 0.1 005 1525 1078 132
States Valley

27 Australia Cadoux 02.06.1979 R 6.1 16 6 1.5 0.5 17.5 13.32 13.95

28 [SJtr;‘:sd El Centro 15.10.1979 RL 67 51 12 0.8 0.18 159 13.28 14.85

29 Iran Koli 27.11.1979 LLR 7.1 75 22 3.9 12 210 15.24 15.45

30 Algeria ElAsman  10.10.1980 R 73 55 15 6.5 154 227 15.12 15.75

31 Italy Soilh 23.11.1980 N 6.9 60 15 1.15 064 182 14.49 15.15

Apennines

32 Greece  Corinth 25.02.1981 N 6.4 19 16 15 0.6 18.0 13.97 14.4

33 Greece  Corinth 04.03.1981 N 6.4 26 18 1.1 0.6 18.0 14.16 14.4
United

34 oo\ o BorahPeak  28.10.1983 N-LL 7.3 33 20 2.7 0.8 19.0 14.53 15.75

35 Algeria  Constantine  27.10.1985 LL 59 21 13 0.12 0.1 15.5 12.43 13.65

36 Australia Marryat Creck 30.03.1986 R-LL 58 13 3 1.3 0.5 17.5 12.93 13.5

37 Greece  Kalamata 13.09.1986 N 5.8 15 14 0.18 015 1575  12.66 13.5
New

38 Edgecumbe  02.03.1987 N 6.6 32 14 2.9 1.7 235 14.93 14.7
Zealand

o SmiEl BmEse ) g 00 RL 66 30 11 0.92 054 175 13.92 14.7
States Hills
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e 22.01.1988 R 6.3 13 9 13 063 18.15 13.59 14.25
Greek

i Gl e 06.11.1988 RL 73 80 20 1.5 0.7 18.5 14.81 15.75
Gengma

42 Armenia Spitak 07.12.1988 R-RL 6.8 38 11 2.0 122 211 14.65 15.0

43 Canada  Ungava 25.12.1989 R 6.3 10 5 2.0 0.8 19.0 13.41 14.25

44 lsjt’:tgesd Landers 28.06.1992 RL 76 62 12 6.0 295 2975 1552 16.2

Note: RL denotes right lateral strike slip, LL left lateral slip, R reverse movement, and N normal faulting. The true earthquake energy is E = 10F J

It was noted above that the depth of felt strain H can also 18
be found from (6) through fault depth 4. We used the values
of & given in Table 2 to find new values of H for all 44
earthquakes and then substituted them into (12a) and (13) 14
to find the corresponding values of £, and k,.

16

k;=1.881g)"-21.36

12
3
18 - 10
16 . * 0 50 100 150 200 250 300
il
=~ 14
12 kd—Z,?4logL+ 10.04 I’" lO’lS(Cms)
10 il 1 1 1 1 1 1 1 1 ]
0 50 100 150 200 250 300 350 400 450
L (km)
18
16
sS4
12 14
1ok 1 L 1 1 1 1 1 1 =z kd= 135lg.11’“—21.1-l-
0 1 2 3 4 5 6 7 8
uw (m) 12
18
16 L . . L 10 L 1 1 1 J
[ I P . - . -
i .o T . 0 30 100 150 200
12 +0* f,=019h+11.89 )
10 * . ‘ , ) My1072¢ (dyne-cm)
0 5 10 15 20 25
h (km) Fig. 3. Relationships among earthquake energy class, rupture length,
18 relative slip, and earthquake magnitude (based on data from 44 earth-
- 16 - quakes). kd is energy class defined by (13), L rupture length, U relative
=< E | slip, h rupture depth, and Ms earthquake magnitude as given in Table 2, F
10 R . ‘ . . ‘ , area of plane of rupture, V volume of strain space, M0 seismic moment.
50 55 60 65 7.0 75 80 85 90
Mg

For the coefficient o = 0.2 the difference in energy class
as found from values of H according to (3) and (6) is shown
in Fig. 4b. One can see that the mean deviation of energy
classes does not exceed 0.2.

We now discuss another comparative analysis. Kasahara

w14 k;=2.151gF-12.83 notes in his book that knowledge of stress drop AT can be
12 [ used to estimate strain energy £, based on known rupture
length. The book does not contain any formula for finding

10 : : : : : : ' E, but the appendix contains, for 6 earthquakes out of 43,

0 10 20 30 40 50 60 70 along with the earthquake rupture parameters, the asso-
F1012 (em?) ciated energies based on seismic waves Eg and the change

in strain energy £, on rupturing. For three of the earth-
quakes we consider (nos. 5, 8, and 11, see Table 2), these
parameters and the corresponding energy classes kg and &,
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as found from Eg and E; using (la) and (13) and from
Kasahara’s data are listed in Table 3; it can be seen that the
results for two earthquakes (8 and 11) are fairly consistent.
As to earthquake no. 5, the difference in kg between the two

55 Ave—0.66

55

results is due to the considerable difference in earthquake
magnitude M, (8.25 and 7.8, respectively); for k, the cause
lies in the nearly double difference between mean slips u
at the rupture (6.1 m and 3.3 m, respectively).

a

- Max — 2.41
n 2.0 Min —0.04 .
&7 1.5 . A\.;c.
1.0 . * .
& 0.5 <= el o _.':o_ = = ._'_ -
* e v * - *
*4 * 1 la* 1 1 1 1 ]
0 5 10 15 20 25 30 35 40 45
carthquake # (Table 2)
Ave — 0.20
0.5 Max — 0.41 b
0.4 Min— 0.002 et e *
* * * Ave * *
0.3 . . *
» » .‘ -
D P2 = ———— —t— e e g e = ———— —
* * -t
0.1« . * . .t
M MR * 1 1 1 1 +|
0 5 10 15 20 25 30 35 40 45

earthquake # (Table 2))

Fig. 4. Differences between the earthquake energy classes derived from earthquake magnitude and strain energy calculated by several methods. (a)
energy class differences Dk = ks - kd based on magnitude M from (1a) and based on strain energy Eq using (13) for 44 earthquakes and the re-
spective means (dashed line); (b) energy class differences Dk 4 calculated from strain energy Eq using (12) and (12a) for O = 0.2 for 44 earthquakes

and the mean value (dashed line).

Table 3. Comparative analysis of energy classes

For ## see

Energy class

gt Earthquake M L,10°m h,10°m U pax , m u , m magnitude- based on
based ks potential energy k&,
San-Francisco a 825 430 15 - 5-7 17.3 17.47
i 18.04.1906 b 78 432 12 6.1 33 16.5 16.44
a 7.1 20 11 - 3.0 153 15.47
8 North Izu 25.11.1930
7.3 35 12 3.8 2.9 15.75 15.26
Imperial a 7.1 70 11 - 2.0 15.0 15.17
! Valley 19.05.1940 b 7.2 60 11 5.9 1.5 15.6 15.01

Note: (a) based on [4]. (b) based on [13] using (1a) and the formulas (12) and (13) here proposed. The values of Umax are not given by Kasahara [4]. The

true earthquake energy is E = 10" J.

5. Strain Energy at the Rupture

There is one issue that is frequently debated in the lite-
rature concerned with the amount of earthquake energy,
viz., what is the part of the total energy released by an
earthquake that concentrates in the rupture zone [1]. It is
natural to assume that the bulk of the energy is released just
in the rupture zone, because it is in the rupture zone that the
tangential stresses exceed the strength everywhere. In the
simplest possible case where the strain field contains a
single shear component J, (as is the case in all calculations
above), the energy in the medium per unit volume is given

by [4]

=— G2, 15
e2y2 (15)

where ), is the shear strength limit for the crustal rocks.
By various estimates [4,14,16], the strength limit ), varies
in the range y, =(1+2)x10™. The Barth’s crust deforms as
far as the limit in an elastic manner, but never surpasses it
without fracture. According to several specialists [4,14,16],
that value of Yy is considerably below those given by lab-
oratory experiments, where one gets ), =107 . This con-
tradiction can be explained by the fact that the actual crust
contains numerous cracks that reduce the macroscopic
strength of crustal rocks. As K. Kasahara wrote, “...any
chain cannot be stronger than its weakest link”.
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Assuming G =5x10"" dyne/cm’ = 5 x 10" Pa,
¥, =1.1x107*, K. Kasahara used (15) to get

e £3000 ergs/cm® =300 J/m’.

It follows that all of the potential energy that was being
accumulated near the rupture plane with unit width
AH =10 m will be, according to our formulation (L and
are in 107 m):

E/» =L[hOL&=3000LA ergs, (16)
and the corresponding energy class will be
ky=logk, =7 . (16a)

We substituted the values of L and 4 from Table 2 into
(16a) to find the strain energy in the rupture zone E; for 44
earthquakes and the corresponding energy classes k: A
graphic representation of the ratios between energy classes
in the rupture zone krand those based on the entire energy in
the medium %, (according to Table 2) is shown in Fig. 5,
where one can see that the average value of k;/ k, is 0.63.

0.75 ~ Ave — 0.63

Max — 0.73 L .
0.70 £ Min—0.59 + . .
7
3
= (0.65 * * . P
T * . I3 . e
S e e i St e
060 "oo. tor ‘. * * e
0.55 I 1 I I I I 1 I 1
0 5 10 15 20 25 30 35 40 45

earthquake # (Table 2)

Fig. 5. Ratios of energy class based on strain energy in the rupture zone kf
using relation (17) to the ene;zy[_il@siedkfl for the entire deformable me-
dium using relation (12) for - m for 44 earthquakes and the
mean value (dashed line).

The post seismic ruptures do not usually form a single
geometrically regular plane but make a network of several
segments spaced at a definite distance AH perpendicularly
to the fault. This distance can provisionally be assumed to be
the fault width; hence, one can accept that the pre seismic
strain has reached the strength limit ), in the entire volume
L[ATAH in the earth (the rupture zone), so that the poten-
tial energy in the rupture zone will be

E, =3000LLLALAH egrs

(17)
=3000 L h[AH x1077J.

Actually, the energy class k; in the rupture zone will
therefore be considerably above the value indicated (0.63 &,)
for AH =107 m. Table 4 lists mean values of the energy
characteristics, &, /k,, k,—k, and E,/E, (based on 44
earthquakes), which were calculated by the method outlined
above for values of AH between 107 m and 10° m. It can be
seen from this table that, depending on the provisional fault
width AH , the amount of energy released in the rupture
zone rather rapidly increases with increasing AH and
reaches 35% of the total earthquake energy released for
AH =10° m.

The aftershock process is due to some fraction of the
strain energy remaining in the earth outside the rupture zone.
The field of stored strain (stress) before an earthquake
usually has a very complex structure related to an inhomo-
geneous distribution of the strength and density of the rocks
and the presence of cracks and ruptures caused by previous
earthquakes [16]. For this reason the main shock will trigger
subsequent aftershocks (in weaker structures) until a new
state of equilibrium is reached by the medium that had been
deformed during the pre seismic period. It would be natural
to expect that the aftershocks will mostly occur along the
main shock rupture and around it where the stresses pri-
marily concentrated. A large number of aftershocks will be
an indirect indication that there are many variously wea-
kened rock portions around the main rupture.

Table 4. Mean energy characteristics in relation to rupture width (based on data from 44 earthquakes, see Table 2)

Provisional rupture width AH in m
Mean values

107 10" 10° 10' 10° 10°
kf/kd 0.63 0.70 0.77 0.84 0.91 0.97
k, —kf 5.46 4.46 3.46 2.46 1.46 0.46
Ed/Ef 288000 28800 2880 288 28.8 2.88
on representation of a volume in a pre stressed medium as
6. Results the volumes of two identical parallelepipeds that are situated

This paper presents a simple way of estimating the po-
tential strain energy stored in the earth around a future
earthquake rupture based on the macro seismic conse-
quences of the earthquake: rupture length, rupture depth, and
mean slip along the fault. The method we propose is based

on both sides of the future rupture line and are subject to
pure shear. The sides of these parallelepipeds are assumed to
be rupture length L, rupture depth 4, and the distance H in
the direction perpendicular to the rupture, beyond which
distance the earth can be assumed to be free of the stresses
associated with the impending earthquake. It is recom-
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mended that we determine the value of H after the occur-
rence of the earthquake from mean slip # using the em-
pirical formula (3) or from rupture depth 4 using the theo-
retical formula (6). These simplifications reduce the general
expression for potential energy (2) to (12) or (12a), respec-
tively. We demonstrate that the energy classes calculated
from these formulas differ little, viz., by 0.2 units on the
average. The parameters of 44 earthquakes were used to find
their respective energy classes using (12) and (13), with the
results being displayed in Table 2. In this table one also finds
the energy classes of the same earthquakes found by deter-
mining the energy of seismic waves from earthquake mag-
nitude using (1a). Comparative analysis shows that the mean
deviation between these energy classes is 0.46. It is found
that strain energy is little affected by how slip decays per-
pendicularly to the fault with given u# and H.

The method outlined above can be used to assess the
energy that is liberated around the rupture in relation to the
provisional rupture width AH . Comparative assessment of
the ratio between the strain energy in the rupture zone £,and
the total strain energy E,; showed that more than 35% of the
total strain energy is stored in the zone of the future rupture
when the rupture width is 10° m.
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