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AbstRAct

Scaling of earthquake faults is important not only for earthquake physics but 
also seismic hazard assessment. There have been many studies about this topic. It is 
significant to compile, review, and discuss those studies. This work reviews the ob-
servations and modeling of scaling of fault parameters, including the fault length (L), 
fault width (W), fault area (A), average displacement (Do), maximum displacement 
(Dmax), seismic moment (Mo), and static stress drop (Δσ). Major issues for reviewing 
in this work are: (1) assumptions of constant Δσ, of earthquakes and self-similarity 
of faults; (2) the L- and W-models; (3) the L-Do and L-Dmax scaling relationships; (4) 
the Mo-Do and Mo-Dmax scaling relationships; (5) the Do-A scaling relationships; (6) 
the Mo-A scaling relationships; (7) the L-W scaling relationship; (8) the Mo-L and 
Mo-W scaling relationships; and (9) modeling of the Mo-L scaling based on the one-
dimensional spring-slider model in the presence of velocity-weakening friction.
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1. IntRoductIon

Sibson (1984, 1986) and Scholz (1990) assumed that 
earthquakes occur in the seismogenic zone as displayed in 
Fig. 1, where L, W, Do, and D(x, t) are, respectively, the 
length, width, average displacement, and displacement on a 
fault (ruptured) area after an earthquake. These parameters 
are geometrical properties of earthquake faults. Scaling of 
the source parameters plays an important role on source 
physics of earthquakes and seismic hazard assessment. Aki 
(1967) proposed scaling models to interpret the source spec-
tra of earthquakes, which are dependent on these source pa-
rameters, the fault area, A = LW, and the maximum displace-
ment on a fault plane, Dmax. He also assumed that constant 
static stress drop, Δσ, and self-similarity of earthquakes are 
physical basis of his model. This leads to the problems of 
scaling of fault parameters. Aki (1966) defined the seismic 
moment as Mo = μDoLW where μ is the rigidity of the fault-
zone materials. Obviously, the Mo is an important parameter 
representing the strength of a seismic source and being re-

lated to the stress change during faulting. From this defini-
tion, naturally seismologists are interested in understanding 
the scaling relationship between Mo and others.

Scaling of earthquake faults has been studied and 
discussed for a long time (e.g., Aki 1967; Kanamori and 
Anderson 1975; Scholz 1982; Schwartz and Coppersmith 
1984; Shimazaki 1986; Romanowicz 1992; Romanowicz 
and Rundle 1993; Wang and Ou 1998; Mai and Beroza 
2000; Manighetti et al. 2005, 2007; Wesnousky 2006, 2008; 
Shaw and Wesnousky 2008; Blaser et al. 2010; Kase 2010; 
Wesnousky and Biasi 2011; Yen and Ma 2011; Carpenter 
et al. 2012; Stirling et al. 2013; Skarlatoudis et al. 2016; 
Thingbaijam et al. 2017). Hence, it is one of the important 
topics of earthquake physics and also useful for seismic 
hazard estimates. Stirling et al. (2013) compiled a relatively 
complete dataset of scaling relationships of faults from nu-
merous articles published before 2013. But, some pre-2013 
studies were not included in their article.

There have been some studies concerning the relation-
ships between the earthquake magnitude, including moment 
magnitude (Mw), surface-wave magnitude (Ms), and local 
magnitude (ML), and other fault parameters (see Wells and 
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Coppersmith 1994; Stirling et al. 2013; and cited references 
herein; Thingbaijam et al. 2017). Since there is a positive 
relationship between Mo and Mw as defined below, related 
results based on Mw are also taken into account by transfer-
ring Mw into Mo. However, unlike Mw the relationships of Ms 
and ML to Mo could be of regional-dependence. Hence, the 
scaling relationships based on Ms and ML are not taken into 
account hereafter.

Scholz (1982) first pointed out a continued increase in 
slip with length far beyond the seismogenic depth, i.e., W, 
for large earthquakes. It is necessary to explore this phenom-
enon. Some authors (e.g., Das 1982; King and Wesnousky 
2007; Hillers and Wesnousky 2008; Shaw and Wesnousky 
2008) assumed that slip might be penetrating deep below 
the seismogenic zone during very large ruptures, thus lead-
ing to larger W. Manighetti et al. (2007) considered that 
multiple faults can influence the slip-length scaling. Bodin 
and Brune (1996) reported that large slips occurred in the 
initiation stage of ruptures might cause longer ruptures. 
Hanks (1977) suggested that large earthquakes are some-
how different than small ones, with a breakdown of constant 
Δσ which is observed in small events. Those studies imply 
in a variety of proposed empirical relations (e.g., Wells and 
Coppersmith 1994; Hanks and Bakun 2008; WGCEP 2008). 
These questions have important implications for earthquake 
physics and for social needs, because the scaling relations 
are important on seismic hazard estimates (e.g., Wesnousky 
2008; WGCEP 2008; Irikura and Miyake 2011).

The previous discussion can lead to a problem with 
inconsistencies arising in attempts to reproduce empirical 
ground-motion relations using parameterized kinematic 
ruptures (Graves et al. 2011). Stirling et al. (2002) proposed 
a model based on geometrical implications of transition 
from small circular ruptures to large long rectangular rup-
tures. They stressed that their model can explain the scaling 
relationships well: (1) matching well the observed data of 

Do versus L; (2) giving a large crossover length scale match-
ing that observed for magnitude versus length observations 
(Romanowicz 1992); and (3) giving constant Δσ scaling for 
large earthquakes, which matches with that observed for 
small earthquakes, as well.

Two physical models, i.e., the L-model (see Kanamori 
and Anderson 1975) and the W-model (see Scholz 1982), 
have been proposed to describe scaling of faults. The faults 
parameters depend on the fault length for the L-model and 
on the fault width for the W-model. There have long been 
debates on the two models.

As mentioned above, many studies about scaling of 
earthquake faults have been done. It is significant to com-
pile, review, and discuss those studies. This work will re-
view basic concepts, observations, theoretical modeling, 
and numerical simulations of scaling of geometrical proper-
ties of faults. Note that this review study will mainly focus 
on the scaling exponents of scaling relationships. The issues 
included are: (1) assumptions of constant Δσ of earthquakes 
and self-similarity of faults; (2) the L- and W-models; (3) 
L-Do and L-Dmax scaling relationships; (4) Mo-Do scaling re-
lationship; (5) Do-A scaling relationships; (6) Mo-A scaling 
relationships; (7) L-W relationship; (8) Mo-L and Mo-W scal-
ing relationships for small and large earthquakes with vari-
ous fault types; and (9) modeling of Mo-L scaling. The units 
of fault parameters in use are “bar” for Δσ, “m” for Do and 
Dmax, “km” for L and W, “km2” for A, and “dyne-cm” for Mo. 
In the followings, the symbols ‘SS’, ‘RE’, ‘NL’, and ‘DS’ 
represent, respectively, strike-slip, reverse (or thrust), nor-
mal, and dip-slip (including reverse, normal, and oblique). 
The focal depth is denoted by ‘h’.

2. bAsIc concEpt

Figure 1 shows the seismogenic zone (Sibson 1982, 
1983; Scholz 1990) and fault (or ruptured) area on a fault 

Fig. 1. Seismogenic zone and ruptured area of an earthquake [L = fault length, W = fault width, and D(x, y, t) = displacement].
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plane during an earthquake and related coordinate system: 
the fault length along the x-axis and the fault width along the 
y-axis. Define D(ȓ, t) to be the displacement discontinuity 
across a fault plane at point ȓ = (x, y, 0), where ȓ is the posi-
tion vector, on the fault plane in the rectangular coordinate 
system and time t in a homogeneous whole space. Since the 
models used below have an infinite or a very long length, 
D(ȓ, t) can be simplified to be D(x, t) which is the root-mean-
squared (RMS) average time function of displacements over 
the fault width, W. The bottom of the seismogenic zone with 
a depth of Wsz represents the transition of elasticity to plas-
ticity and is specified with T = 300 - 450°C. The value of Wsz 
depends on regional tectonics and thus varies area to area. 
The fault ruptures at (0, 0, 0) and stops at (L, 0, 0), where L 
is along the x-axis.

When a fault breaks, the static stress changes from an 
initial value of σ0 to a final one of σ1, with a static stress 
drop of Δσ = σ1 - σ0 and a mean stress of σ = (σ0 + σ1)/2. 
The static stress drop has the general form (Kanamori and 
Anderson 1975):

Δσ = Cμ(Do/Λ) (1)

where Do and Λ denote, respectively, the average displace-
ment and linear dimension (either L or W) of a fault plane. 
The ratio Do/Λ denotes the strain change or strain drop. 
The constant C depends on the fault type, for example, C 
= 7π/16 for a circular fault (Scholz 1990). This gives Δσ = 
(7π/16)μ(Do/R) where Λ is the radius of the circular fault, 
R. From Mo = μDoLW = μDoA, we have Mo = (16Δσ/7π3/2)
A3/2, thus giving

log(Mo) = 1.5log(A) + log(16Δσ/7π3/2) (2)

From the observations, Kanamori and Anderson (1975) 
suggested Ms ~ log(A) for most of earthquakes. This leads to 
log(Mo) = 1.5Ms + log(16Δσ/7π3/2). The observations obtained 
by Kanamori and Anderson (1975) and Hanks (1977) show 
average Δσ ≈ 100 bars for most of earthquakes. This gives

log(Mo) = 1.5(Ms + 10.7) (3)

From Eq. (3), Hanks and Kanamori (1979) defined the mo-
ment magnitude as

Mw = (2/3)log(Mo) - 10.7 (4)

Anderson et al. (1996) addressed a problem if the slip 
rate on a fault, γF, can be a factor in influencing estimates 
of Mw for shallow continental surface rupturing earthquakes. 
Based on 43 earthquakes from the database of Wells and 

Coppersmith (1994), they suggested that the estimate of Mw 
from L can be improved by incorporating γF based on the 
formulae: Mw = 5.12 + 1.16log(L) - 0.20log(γF). However, 
this formulae exhibits that the influence on Mw is smaller 
due to γF is smaller due to L, because the related coefficient 
(= 0.20) is smaller than that (= 1.16) for log(L).

Note that the physical basic concept as mentioned 
above is related to the nine scaling relationships of earth-
quake faults reviewed below.

3. MEAsuREs of fAult pARAMEtERs And 
InfEREncE of scAlIng lAWs

Wells and Coppersmith (1994) compiled a relatively 
complete data of source parameters of earthquake faults. 
Wells and Coppersmith (1994) gave detailed description 
about the measurement and uncertainty of the surface and 
subsurface fault parameters. Here, only a simple descrip-
tion is given. Essentially, there are two kinds of fault length: 
one is surface rupture length, Lo, and the other sub-surface 
rupture length, Ls. When surface ruptures occur after the oc-
currence of a mainshock, Lo can be measured directly from 
field surveys. The reasons to cause uncertainty in measuring 
Lo comes are: (1) incomplete field surveys and studies of the 
ruptured fault zone; (2) a lack of outcrops at some localities; 
(3) different interpretations of the properties and amount 
of surface ruptures and deformations by different research-
ers; and (4) different reported values of fault lengths and 
surface displacements by different field workers. For the 
sub-surface rupture length, Ls, and fault area, A, there are 
two commonly-used ways to evaluate the two parameters. 
The first way is based on the spatial pattern of early after-
shocks (Kanamori and Anderson 1975; Dietz and Ellsworth 
1990). Because the aftershocks may expand outwards from 
the source area of the mainshock, only the zone of after-
shocks that occur within a few hours to a few days after 
the mainshock and also follow the Omori law can be the 
representative of the co-seismic ruptured area. The reasons 
to cause uncertainties for measuring subsurface rupture pa-
rameters are: (1) hypocentral accuracy of aftershocks; (2) 
identification of the strike and dip of the rupture plane from 
aftershocks; (3) identification of the length and downdip 
width from the spatial distribution of aftershocks; and (4) 
estimates of the respective lengths of multiple earthquake 
rupture sequences. In addition, since many aftershocks oc-
cur on the sub-faults rather than on the main fault, the fault 
area estimated from the aftershock area should be larger 
than the real one. From 53 earthquakes having both Lo and 
Ls, Wells and Coppersmith (1994) found that Lo is, on the 
average, ~75% of Ls and Lo/Ls increases with Mw.

The second way is based on the finite-fault slip model 
inversed from seismograms and geodetic data (e.g., Yen and 
Ma 2011; Thingbaijam et al. 2017). This way will rely on the 
reliability of geodetic and seismologic modeling, including 
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data quality and inversion technique. Yen and Ma (2011) 
took the effective fault length (Le), effective fault width (We), 
effective fault area (Ae = LeWe), and effective average dis-
placement (Doe) which are estimated using the autocorrela-
tion technique (see Bracewell 1986) for the source slip func-
tion. Of course, the reliability of inversed slip function and 
the weighting factor used in autocorrelation can influence 
the estimated results. In general, Le is shorter than Ls. Ichi-
nose et al. (2006) used the combined area of asperities, Aa (in 
km2), which is usually smaller than the real fault area. From 
the slip models of plate-boundary earthquakes in the Japan 
inferred from strong-motion, teleseismic, geodetic, or tsu-
nami records, Murotani et al. (2008) found the exponents of 
the scaling relationship Mo-A, Mo-Do, and Mo-Aa are 1.4, 0.4, 
and 1.2 times larger, respectively, than those of crustal earth-
quakes. On the other hand, the ratios Aa/Aa and Doa/Do for 
plate boundary earthquakes are the same as those for crustal 
earthquakes, and thus they concluded that plate-boundary 
and crustal earthquakes share similar source characteristics.

The values of Do and Dmax are usually obtained directly 
from field surveys and finite-fault slip models inversed from 
seismograms and geodetic data. Since Do is the average of 
displacements over the fault and Dmax is the largest displace-
ment on a fault plane, Do/Dmax should be smaller than 1 with 
a maximum of 1. The displacements over the fault plane 
should be somewhat uniform when Do/Dmax ≈ 1 and non-uni-
form over the fault plane when Do/Dmax < 1. Unlike surface 
rupture length, Do and Dmax for many earthquakes often are 
poorly reported. The most common measures of displace-
ments are the maximum horizontal and/or vertical surface 
displacement. For some earthquakes, the field surveys were 
made weeks to years after the event, the measured values 
could include afterslip, slip caused by aftershocks, and fault 
creep. The surface ruptures usually vary point to point and 
the long displacements occur in a limited segment of the fault 
zone. The value of Do is commonly calculated from multiple 
measurements of displacements along the fault zone. When 
the number of multiple measurements is small, the calcu-
lated value of Do is unlikely the true one. From field data, 
Wells and Coppersmith (1994) observed Do/Dmax = 0.2 - 0.8, 
with an average of Do ≈ 0.5Dmax. They also reported that Do/
Dmax does not vary systematically with Mw, especially for 
earthquakes with Do which was estimated from Mo obtained 
from the finite-fault slip models. They also studied the ratio 
of average subsurface displacement, Dos, and the maximum 
subsurface displacement, Dmaxs. The gained Dos/Dmaxs = 0.14 
- 7.5 and Dos/Do = 0.25 - 6.0. Meanwhile, the two ratios are 
not dependent on Mw. From 44 earthquakes having the val-
ues of both Dos and Dmaxs, they found Dos/Dmaxs = 0.76. This 
indicates that for most earthquakes Dos is shorter than Dmaxs. 
From 32 earthquakes having the values of both Dos and Do, 
they found Dos/Do = 1.32. Hence, they concluded that Dos 
is longer than Do and shorter than Dmax. This indicates that 
for these earthquakes the displacements happen at shallow 

depth on the fault plane.
The reasons to cause uncertainties in the displacements 

are: (1) incomplete or insufficient measures of displacements 
along the fault trace due to a lack of suitable features (e.g., 
stratigraphy, streams, or cultural features) for conducting 
measurements; (2) distribution of displacement along mul-
tiple fault strands or distributed shearing over a broad fault 
zone; (3) changes of the fault scarp due to landsliding or 
erosion; (4) an increase in slip due to afterslip, aftershocks, 
and post-event creep; (5) inaccurate locations of conducting 
slip measures; and (6) the measurements being mixed up by 
slip caused by historical or paleo-earthquakes.

The value of Mo is commonly obtained from the finite 
fault slip model (see Aki and Richards 1980). For some 
events, the seismic moment may also be evaluated from geo-
logical observations with L and Do from field measures of 
offsets along the outcrops of surface trace of an earthquake 
fault (cf. Wesnousky 2008). He denoted this type of seismic 
moment as Mo

G. Of course, the measures can be done only for 
the earthquakes which are large enough to break the ground 
surface and their values of rupture widths can be indepen-
dently estimated from the finite-fault slip model. He stressed 
that there is a good linear correlation between log(Mo

G) and 
log(Mo) and the values of Mo

G usually fall within the range of 
estimated values of Mo for larger events.

There is long historical development about the mea-
sures of source parameters and studies of scaling laws of 
earthquake faults. A simple description is given below. 
From 1980’s to 2000’s, almost all of the papers concern-
ing scaling of source parameters of earthquake faults were 
completed based on continental strike-slip earthquakes. 
Meanwhile, much of the literature focused on the debate, 
for example, the debate between Scholz et al. (1986) and 
Romanowicz (1992), over scaling relationships of W versus 
L was also on strike-slip earthquakes. Of course, Wells and 
Coppersmith (1994) could be the most notable exception in 
this time period. They compiled a relatively complete data 
set of source parameters. In their data set, there are 389 
world-wide earthquakes with Mw = 4.2 - 8.5 occurred be-
fore 1994, including 305 instrumentally-determined events 
(post-1900) and 84 pre-instrumental events (pre-1900). The 
pre-instrumental earthquakes include events from A.D. 701 
and those inferred from paleoseismic data. From those data, 
Stirling et al. (2002) found the estimates of Do and Mw for 
crustal earthquakes in the pre-instrumental era (pre-1900) 
are greater than the estimates calculated from the scaling 
relationships inferred from instrumental data. After 1990’s, 
the scaling relationships of world-wide events with other 
types of faulting were published (e.g., Blaser et al. 2010) 
as well as regionally specific ones, for examples, Stirling 
et al. (2002, 2008, 2013) for New Zealand and Yen and Ma 
(2011) for Taiwan. Since 2010’s, more general scaling rela-
tionships were developed (e.g., Leonard 2010, 2014; Thing-
baijam and Mai 2016; Thingbaijam et al. 2017) by using 
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expanded data sets and new methods.
In order to study the scaling law between two source 

parameters, it is common to infer the regression relationship 
between them. The regression equation for two variables x 
and y usually has the following form: log(y) = a + b × log(x), 
thus leading to the scaling law: y~xb. Usually, the standard 
errors, i.e., δa for a and δb for b, should be included in the 
regression equation, i.e., y = (a ± δa) + (b ± δb)x. Hence, the 
value of δb must be included in the following scaling law: 
y~xb ± δb. In addition, the standard deviation (denoted by SD 
hereafter) of the regression equation is also estimated by the 
researchers.

However, there are four problems for the present study. 
The first problem is that a few source materials did not pro-
vide the values of δb and/or SD. The third problem is that 
for some source materials, the δb values was evaluated for 
the x~yb’ ± δb’, and then this scaling law must be conversed to 
y~xb ± δb. It is questionable to estimate b and δb from b’ and 
δb’, respectively. It is possible to obtain b = 1/b’ and the 
δb value when the major-axis method (York 1967) or the 
general orthogonal least-squared method (e.g., Thingbaijam 
et al. 2017) are taken for regression. However, numerous 
authors used the ordinary method (for instance, Wells and 
Coppersmith 1994). There is no problem when the scaling 
law y~xb ± δb is inferred from the data. Whereas, it is diffi-
cult to gain the reliable values of b and δb, when the au-
thors only estimated the values of b’ and δb’. In addition, 
for some source materials the regression equations were es-
timated based om Mw rather than on Mo, and thus the regres-
sion equation is: Mw = (a ± δa) + (b ± δb)log(x) or log(x) = 
(a’ ± δa’) + (b’ ± δb’)Mw. It is necessary to converse such 
a regression equation into Mo~xn where n = 2b/3 by using  
Eq. (4), i.e., Mw = (2/3)log(Mo) - 10.7. Hence, it is impossible 
to gain the reliable values of δb and/or SD. Anyway, the val-
ues of δb and/or SD will be included in the respective resul-
tant scaling law when the two values have been estimated 
by the original authors. However, the two values will be not 
listed the tables mentioned below, because of complexity of 
the two values obtained from different source materials.

In addition, from the relatively complete data set pro-
vided by Wells and Coppersmith (1994) we can see that 
the numbers of earthquakes decrease from the strike-slip 
(SS) events, reversed (RE) events, to normal (NL) events. 
Hence, the uncertainty of scaling exponent could increases 
in the opposite direction. Note that some authors combined 
the data of RE, NL, and oblique events together to form a 
data set for the dip-slip (DS) events and some others took 
all slip-type (including SS, RE, and NL) events together to 
study scaling laws.

4. Constant Δσ of EARthquAkEs And  
sElf-sIMIlARIty of fAults

In order to build up the scaling model of seismic spec-

tra, Aki (1967) assumed that large and small earthquakes are 
similar geometrically. This leads to the so-called self-simi-
larity of earthquakes and can be seen that the curves shown 
in each panel show a similar shape. This means that for geo-
metrically similar earthquakes W is proportional to L; and 
for physically similar events all the non-dimensional quanti-
ties obtained from the source parameters should be the same. 
Thus, Do is proportional to L as well as W. This implies that 
for an earthquake with Starr fracture (Starr 1928), the pre-
existing stress or strength is constant and independent of 
source size. This point was first assumed by Tsuboi (1956). 
Aki (1967) also assumed that if earthquakes are geometri-
cally similar, Δσ is constant and independent of earthquake 
magnitude (denoted by Mw hereafter). This leads to Do~L 
[from Eq. (1)], which yields constant Δσ for all earthquakes. 
Nevertheless, Aki (1967) gave an example of departure from 
the assumption of self-similarity and constant Δσ.

There are debates for the problem of constant Δσ. Some 
observations (e.g., Aki 1972; Kanamori and Anderson 1975; 
Hanks 1977; Boore and Atkinson 1987; Somerville et al. 
1987; Heimpel and Malin 1998; Bilek and Lay 1999; Imani-
shi and Ellsworth 2006; Shaw 2009) show that earthquakes 
are scale invariant with Δσ ≈ 100 bars being independent 
of Mw. The log-log plot of Mo versus L obtained by Hanks 
(1977) shows constant Δσ in a large range of Mo and thus 
it is the strongest evidence of self-similarity of earthquakes. 
From 41 moderate and large earthquakes, Geller (1976) in-
ferred the rise time of faulting: tR = 16A1/2/7π3/2β based on 
the assumptions of constant effective stress, σe, and Δσ. Due 
to W = L/2, he got tR~L. These observations combine to con-
firm the L-model for which Mo scales with L2.

On the other hand, Nuttli (1983a, b) observed constant 
Δσ for plate margin earthquakes, but an increase in Δσ with 
Mo

1/4 for mid-plate events. Some studies (e.g., Wells and 
Coppersmith 1994; Hanks and Bakun 2008; WGCEP 2008) 
observed an increase in Δσ with Mw for large earthquakes. 
Allmann and Shearer (2009) observed higher Δσ for SS 
earthquakes than for N and R events. Kanamori et al. (1990, 
1993) and Ma and Kanamori (1994) observed abnormally 
high Δσ for the 1988 Pasadena earthquake and the 1991 Si-
erra Madre earthquake. They suggested that these high Δσ 
events occurred near the base of the seismogenic zone, thus 
indicating that these fault systems can support high stress 
that will be released in the main events. Nadeau and Johnson 
(1998) observed that the values of Δσ were high in the Park-
field repeating events and showed an inverse relation to Mw. 
Several authors (Archuleta 1982; Fletcher 1982; Haar et al. 
1984; Fletcher et al. 1986) reported a significant difference 
in Δσ between large and small events. Bizzarri (2011) found 
the failure of constant Δσ. From the near-fault seismograms 
of the 1999 Ms 7.6 Chi-Chi, Taiwan, earthquake, Huang et 
al. (2001) and Hwang et al. (2001) observed higher Δσ on 
the northern fault plane with two-degree-of-freedom rup-
tures than on the southern plane with one-degree-of-freedom 
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ruptures. Manighetti et al. (2007) assumed the variability of 
large Δσ of earthquakes. For large Taiwan’s earthquakes, 
Yen and Ma (2011) observed Δσ ≈ 10 - 100 bars for most 
of events with Mo > 1024 - 1025 dyne-cm and higher for those 
with Mo < 1024 - 1025 dyne-cm, thus suggesting non-constant 
Δσ. Hardebeck and Aron (2009) found that high Δσ occurs 
in a deep cluster of RE earthquakes. Several authors (Asano 
et al. 2003; Allmann and Shearer 2009; Hardebeck and Aron 
2009) reported the dependence of Δσ on depth. Depth-de-
pendence of Δσ also indicates failure of constant Δσ. On the 
other hand, Yen and Ma (2011) did not observe dependence 
of large Δσ on depth and fault type. From 5 inland crustal 
earthquakes with Mw = 5.6 - 6.9 and depths ranging from 
7.8 - 14.1 km in Japan during 2004 - 2008, Asano and Iwata 
(2011) derived their empirical relationship and found an in-
crease Δσ with depth. From 8 earthquakes with ML = 3.8 
- 6.8 and depths ranging from 8.31 - 25.22 km in the Nan-
tou area of Taiwan during 1999 - 2013, Wen et al. (2017) 
revealed an increase in Δσ with depth.

There are debates for the problem of self-similarity 
of earthquakes. Some authors (e.g., Hanks 1977; Romano-
wicz 1992; Scholz 1994a, 1997; Wang and Ou 1998; Mai 
and Beroza 2000; Prieto et al. 2004; Shaw and Wesnousky 
2008) have suggested that both self-similarity and quasi-
L model scaling could be maintained if slip in the largest 
earthquakes penetrates beneath the brittle-ductile transition, 
i.e., the width of the seismogenic zone.

For the intraplate earthquakes having higher Δσ (Ka-
namori and Anderson 1975) and those with long recurrence 
intervals (Kanamori and Allen 1986), self-similarity fails. 
Romanowicz (1992) observed that large earthquakes are 
not similar to small events. Mai and Beroza (2000) found 
that self-similarity exists for DS events, yet not for large 
SS ones. In addition, several authors (Hartzell and Heaton 
1988; Funning et al. 2013; Denolle and Shearer 2016) ob-
served non-self-similarity.

5. L- And W-ModEls

There is an interesting, important problem: How do 
fault parameters, such as L, W, A, Do, vR (rupture velocity), 
TD (duration of rupture) etc., scale one to another? Based 
on the scaling model proposed by Aki (1967), Kanamori 
and Anderson (1975) assumed the following similarity rela-
tions: (1) W/L = c1 = constant (aspect ratio for geometrical 
similarity); (2) Do/L = c2 = constant (constant static stress 
drop); and (3) vRTD/L = c3 = constant (dynamics similar-
ity). Their assumptions are based on the fault length and 
thus represent an L-model for fault scaling. Accordingly, 
the relations between seismic moment and fault parameter 
have the following basic forms: Mo~L3 to correlate Mo and 
L, Mo~W3 to correlate Mo and W, Mo~Do

3 to correlate Mo and 
Do; and Mo~A1.5 to correlate Mo and A.

According to Eq. (1), related parameters are Λ = W/2 

and C = 2/π infinite length strike-slip ruptures and C = 4(λ 
+ μ)/π(λ + 2μ), where λ and μ are the Lamé constants of 
elastic materials, for dip-slip ruptures of width W in a whole 
space (Starr 1928; Knopoff 1958). Obviously, Δσ and Mo 
both scale only with W. This presents the W-model (see 
Scholz 1982). This model means that large events with the 
same fault width have the same average displacement in 
spite of the fault length. Meanwhile, for the W-model tR is 
related to W for constant vR. The L- and W-models are two 
end-member models for fault scaling. A W-model implies 
constant Δσ for all earthquakes in the same tectonic setting, 
and therefore that earthquakes are self-similar. The L-model 
does not need to imply self-similarity, but is consistent with 
the idea that large earthquakes (i.e., earthquakes that rupture 
the full thickness of the brittle upper crust) grow by increas-
ing their rupture length, i.e., Do~L. There has been a long-
standing debate concerning the two models.

Numerous studies (Geller 1976; Scholz 1982, 1994a; 
Bodin and Brune 1996; Pegler and Das 1996; Wang 1997; 
Wang and Ou 1998; Mai and Beroza 2000; Shaw and Scholz 
2001; Thingbaijam et al. 2017) prefer the L-model. On the 
other hand, Romanowicz (1992) and Romanowicz and 
Rundle (1993) observed a linear relation between L and Mo, 
implying approximately constant average slip on the order 
of 3 - 5 m for the largest SS earthquakes. This observation 
supports the W-model for which Do is governed by W. How-
ever, her approach was different from that of Scholz (1982) 
in which W was allowed to vary.

It is significant to explore the possible dependence of 
fault scaling on A in the seismogenic zone (see Scholz 1990) 
as briefly displayed in Fig. 1. An event is a characteristic 
earthquake (Schwartz and Coppersmith 1984) when L = W, 
in which L = Lc and W = Wsz are, respectively, the length 
and width of the seismogenic zone as displayed in Fig. 2. 
Its ruptured area is Ac = LcWsz = Wsz

2 and called the charac-
teristic area hereafter. For an event, its ruptures with A < 
Ac can grow along both the length- and width-directions as 
displayed by the left-hand-side small square in Fig. 2 when 
it has two degrees of freedom. In other word, L and W can 
both increase with earthquake size. This gives W~L and thus 
A~L2 or A~W2. Obviously, the events with A < Ac can be 
similar one to another. For an event, its ruptures with A > 
Ac can grow only along the length-direction as displayed by 
the right-hand-side small square in Fig. 2. In other word, L 
increases and W retains constant. This exhibits one-degree-
of-freedom ruptures and thus gives A~L and the events with 
A > Ac can also be similar one to another. But, the event with 
A < Ac cannot be similar to that with A > Ac. Consequently, 
the characteristic earthquake separates scaling of faults into 
two parts. Hence, the L-model is operative for A > Ac or L > 
Wsz; while either the L-model or the W-model can be applied 
to describe the source behavior for A < Ac or L < Wsz.

Based on static dislocation theory with constrain that 
slip is confined to the seismogenic layer, Δσ increases with 
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L for large earthquakes. This implies that large earthquakes 
differ from small ones. Shaw and Wesnousky (2008) used 
a 3-D elastodynamic model to show that an increase in Δσ 
with L may be satisfied while maintaining constant Δσ across 
the entire spectrum of earthquake sizes when slip is allowed 
to penetrate below the seismogenic zone into an underlying 
zone specified with velocity-strengthening friction.

6. L-Do And L-DMAx scAlIng RElAtIonshIps
6.1 observations

Based on the assumption of constant Δσ, Do linearly 
increases with L. Hence, L-Do and L-Dmax scaling relation-
ships are first reviewed. Scholz and Cowie (1990) observed 
a linear correlation between log(Do) and log(L), thus imply-
ing a power-law relationship between Do and L. For 244 
world-wide shallow earthquakes with Mw = 4.7 - 8.2, Wells 
and Coppersmith (1994) observed Do~L1.04 ± 0.13 (with SD = 
0.32) and Dmax~L1.16 ± 0.09 (with SD = 0.36) for SS events, 
Do~L0.31 ± 0.27 (with SD = 0.40) and Dmax~L0.42 ± 0.23 (with SD 
= 0.43) for RE events, Do~L1.24 ± 0.49 (with SD = 0.37) and 
Dmax~L1.51 ± 0.35 (with SD = 0.41) for NL events, Do~L0.88 ± 0.11 
(with SD = 0.36) and Dmax~L1.02 ± 0.09 (with SD = 0.41) for all 
slip-type events based on the surface rupture length. Obvi-
ously, the scaling exponent is the largest for NL event, the 
second largest for SS events and the smallest for the RE 
events. From 27 data of Do and L (18 plate-boundary earth-
quakes and 9 away from transform plate boundaries), Bodin 
and Brune (1996) observed a power-law increase of Do with 
L. From the world-wide earthquakes, Wang and Ou (1998) 
observed Do~L1.03 ± 0.26 based on the surface rupture length 
and Do~L1.01 ± 0.18 based on the subsurface rupture length for 
all slip-type events. Basically, the scaling of Do versus L is 
almost the same for the two types of rupture length.

From the finite-fault slip models of 18 earthquakes (8 

SS and 10 DS events), for the source data from the finite-
fault rupture models of 31 world-wide earthquakes with Mo 
= 2.2 × 1017 - 1.2 × 1021 NM, Mai and Beroza (2000) obtained 
Do~L1.82 ± 0.46 (with SD = 0.34) for 8 SS events; Do~L0.52 ± 0.26 
(with SD = 0.36) for 11 DS events; and Do~L0.65 ± 022 (with 
SD = 0.35) for 31 all slip-type events. Obviously, Mai and 
Beroza (2000) observed that Do nonlinearly increases with 
L with a decrease in the increasing rate of Do with L, espe-
cially for large SS events. Their observation suggests that 
the finite fault width strongly influences the displacement 
for very large SS earthquakes. From the log-log plot of Do 
versus L for large crustal earthquakes compiled by Scholz 
(1994b), Shaw and Scholz (2001) observed Do increases 
nonlinearly with L and the increasing rate decreases with 
increasing L.

For numerous Mw ≥ 6 earthquakes, Manighetti et al. 
(2007) analyzed the L-Do relationship and also proposed a 
new Dmax-L relationship based on the concept of multiple 
segment-ruptures. The number of main fault segments de-
pends on the strength of the inter-segment zones, and the 
strength is influenced by the structural maturity of the faults. 
They assumed that each broken segment can be roughly 
scaled as a crack, while the total multi-segment rupture can-
not. The value of Δσ on an individual segment is roughly 
constant, varying between 3.5 to 9 MPa. The Δσ is lower 
for more mature faults than for immature ones.

King and Wesnousky (2007) and Wesnousky (2008) 
observed that the linear relationships between Do and L and 
those between Dmax and L are stronger for the DS events 
than for the SS ones. Different linear curves must be applied 
separately to various slip types of faults. The data points for 
RE and NL events can be well fitted by a straight line, yet 
not for SS events. They further considered log-linear func-
tion: Do = a + blog(L) and power-law function: Do = bLd for 
SS events. The log-linear fit is formulated to constrain the 

Fig. 2. Seismogenic zone with a thickness of Wsz and the small, characteristic, and large earthquakes earthquake. The fault area of the characteristic 
earthquake has a fault length of Lc ( = Wsz) and a fault area of Ac = LcWsz = Wsz

2.



Jeen-Hwa Wang596

curve to intersect the point where Do and L are both zero. 
The curves of the two functions result in a bigger reduc-
tion in uncertainties of the curve fit to the data points of SS 
events than a straight line.

For plate-boundary earthquakes, Leonard (2010) pro-
posed four displacement models and obtained the following 
empirical relationships: (1) Do~L0.833 for DS events; and (2) 
Do~L1.0 when A = 0 - 3400 m2, Do~L0.833 when A = 3400 - 
45000 m2, and Do~L0.5 when A > 45000 m2 for SS events. 
For earthquakes in stable continental regions, he obtained 
Do~L0.833 when A > 5500 m2 for all slip-type events. Based 
on the fault parameters inversed from finite-fault slip mod-
els for earthquakes with Mw = 5.4 - 9.2, Thingbaijam et 
al. (2017) observed: (1) Do~L0.975 ± 0.203 (with SD = 0.132) 
for RE events; Do~L1.302 ± 0.303 (with SD = 0.252) for NL 
events; Do~L0.879 ± 0.144 (with SD = 0.276) for SS events; and  
Do~L1.029 ± 0.223 (with SD = 0.213) for subduction- interface 
events; and (2) Do~W0.767 ± 0.397 (with SD = 0.200) for RE 
events; Do~W2.512 ± 0.842 (with SD = 0.223) for NL events; 
Do~W2.391 ± 0.485 (with SD = 0.213) for SS events; and  
Do~W1.244 ± 0.577 (with SD = 0.178) for subduction-interface 
events. Considering a regional scale, they assumed that 
since the seismogenic depth is almost constant, the scaling 
behavior is corresponding to the W model, thus meaning that 
Do is not correlated with L. They also observed that except 
for shallow crustal RE events, the ratio Do/W (the average 
strain drop) increases with Mw, suggesting scale- dependent 
strain drop and stress drop.

Stirling et al. (2002) obtained low dependence of Do on 
L: Do~L0.60 ± 0.08 (with SD = 0.32) for 95 instrumental events 
(post-1900); Do~L0.35 ± 0.10 (with SD = 0.33) for 30 pre-in-
strumental events (pre-1900). The two scaling exponents 
are smaller than that (= 0.88) estimated by Wells and Cop-
persmith (1994) as mentioned above. Clearly, there is low 
dependence of Do on L from Stirling et al. (2002). More-
over, from the data of 50 events with Mw = 6.1 - 8.1 censored 
from those of Wells and Coppersmith (1994), Stirling et al. 
(2002) obtained Do~L0.18 ± 0.08 (with SD = 0.24). This exhibits 
weak dependence of Do on L an opposite to all the previous 
studies with strong dependence of Do on L.

6.2 Modeling

Shaw and Scholz (2001) proposed a model to interpret 
the observations as mentioned above. Their theoretical Do-L 
law is described below: Do = 1/(2/L) when L ≤ 2W and Do 
= 1/[(1/L) + 1/2W)] when L > 2W. Their observation and 
modeling are inconsistent with constant Δσ.

In order to examine the Do-L scaling law, Liu-Zeng et 
al. (2005) considered a simplified 1-D model of spatially 
heterogeneous slip, D(x, y), which is characterized by a sto-
chastic function with a Fourier spectrum that decays as k-α, 
where k is the wavenumber and α is a parameter represent-
ing the spatial smoothness of slip. They also assumed that 

an individual earthquake ruptures only along one spatially 
continuous segment. From their model, the scaling relation 
Do~Ln is related to the spatial heterogeneity of slip. The scal-
ing exponent n increases with α in a form of n ≈ α - 0.5 for 
0.5 < α < 1.5, and the case with n = 1 only occurs when α ≈ 
1.5, which exhibits a relatively smooth spatial distribution of 
slip. Their simulation results show that Do/L is higher for the 
faults with large slip heterogeneity than those with spatially 
smooth slip. From the simulations based on spontaneous rup-
tures on multi-segmented SS faults in a 3-D half-space, Kase 
(2010) favored the empirical scaling law: a strong increase 
of Do with L and Do tends to saturate for very long L.

The previous observational and theoretical studies all 
show that Do and Dmax nonlinearly increase with L in the 
power-law function and the increasing rates of Do and Dmax 
with L decrease with increasing with L. Together with ob-
servations, modeling results again implicate failure of the 
assumption of constant Δσ.

7. Mo-Do scAlIng RElAtIonshIps

Wells and Coppersmith (1994) observed Mo~Do
1.34 

(from Mw~Do
0.89 ± 0.09 with SD = 0.38) and Mo~Dmax

1.17 (from 
Mw~Dmax

0.78 ± 0.06 with SD = 0.29) for SS events; Mo~Do
0.20 

(from Mw~Do
0.13 ± 0.36 with SD = 0.50) and Mo~Dmax

0.66 (from 
Mw~Dmax

0.44 ± 0.26 with SD = 0.52) for RE events; Mo~Do
0.98 

(from Mw~Do
0.65 ± 0.25 with SD = 0.33) and Mo~Dmax

1.07 (from 
Mw~Dmax

0.71 ± 0.15 with SD = 0.34) for NL events; Mo~Do
1.23 

(from Mw~Do
0.65 ± 0.25 with SD = 0.39) and Mo~Dmax

1.11 (from 
Mw~Dmax

0.74 ± 0.09 with SD = 0.40) for all slip-type events from 
their large data base. For the source data from the finite-
fault rupture models of 31 world-wide earthquakes with Mo 
= 2.2 × 1017 - 1.2 × 1021 NM, Mai and Beroza (2000) ob-
tained Mo~Do

1.82 (from Do~Mo
0.55 ± 0.10 with SD = 0.20) for 8 

SS events; Mo~Do
3.45 (from Do~Mo

0.29 ± 0.07 with SD = 0.26) 
for 11 DS events; and Mo~Do

2.86 (from Do~Mo
0.35 ± 0.06 with 

SD = 0.24) for 31 all slip-type events. Based on a global 
catalogue, Papazachos et al. (2004) obtained the follow-
ing scaling relationships: (1) for SS events: Mo~Do

2.21 for 
Mw = 6.0 - 8.0; (2) for DS events in continents: Mo~Do

2.08 
for Mw = 6.0 - 7.5, 6.0 ≤ Mw ≤ 7.5; and (3) for DS events 
in subduction regions: Mo~Do

2.34 for Mw = 6.7 - 9.2. From 
the source parameters inverted from finite-fault slip models 
of 19 events with Mw = 4.6 - 8.9 (12 DS and 7 SS events) 
in Taiwan, Yen and Ma (2011) obtained Doe = 1.68 ± 0.33 
when Mo ≤ 1027 dyne-cm and Mo~Doe

3 for all events (from 
Doe~Mo

0.08 ± 0.14 with SD = 2.47 for SS events; Doe~Mo
0.20 ± 0.13 

with SD = 2.32 for DS events; and Doe~Mo
0.13 ± 0.09 with SD 

= 1.64 for all events) when Mo > 1027 dyne-cm based on 
the effective average displacement, Doe. Do is almost con-
stant for the events with Mo ≤ 1027 dyne-cm. For 18 events 
with Mw = 5.9 - 8.2 in New Zealand, Dowrick and Rhoades 
(2004) obtained Mo~Do

3. For global subduction-zone earth-
quakes with Mw = 6.7 - 9.2, including 25 slip models of 10 
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great earthquakes around Japan, Murotani et al. (2013) ob-
tained Mo~Do

3 (from Do~Mo
1/3 ± 1.64 with SD = 1.72). For the 

events with Mw = 5.4 - 9.2, Thingbaijam et al. (2017) ob-
served Mo~Do

3.33 [from log(Do)~(0.451 ± 0.093)Mw with SD 
= 0.149] for RE events; Mo~Do

2.16 [from log(Do)~(0.693 ± 
0.066)Mw with SD = 0.195] for NL events; Mo~Do

2.67 [from 
log(Do)~(0.558 ± 0.054)Mw with SD = 0.227] for SS events; 
and Do~Mo

2.72 [from log(Do)~(0.552 ± 0.067)Mw with SD = 
0.171] for the events on the subduction interface.

The previous studies suggest that for all slip-type faults 
Mo scales with Do almost in a form of Mo~Do

n with 2 ≤ n ≤ 3 
and the scaling exponent n is smaller for DS events than for 
SS events. The results of this section seem able to be consis-
tent with the definition of Mo = mDoLW by Aki (1966).

8. Do-A scAlIng RElAtIonshIps

Leonard (2010) obtained Do~A0.5 for all slip-type earth-
quakes in plate boundary. For the source data from the fi-
nite-fault rupture models of earthquakes with Mw = 5.4 - 9.2, 
Thingbaijam et al. (2017) observed Do~A0.429 ± 0.134 (with SD 
= 0.180) for RE events; Do~A0.858 ± 0.214 (with SD = 0.330) for 
NL events; Do~A0.597 ± 0.112 (with SD = 0.302) for SS events; 
and Do~A0.582 ± 0.136 (with SD = 0.257) for subduction-inter-
face events. The studies of the two groups essentially sug-
gest Do~A0.5, thus indicating Do~L or Do~W, for all slip-type 
events. Moreover, Thingbaijam et al. (2017) stressed that 
the NL events somewhat deviate from the scaling law.

9. Mo-A scAlIng RElAtIonshIps

In principle, Eq. (2) leads to Mo~A1.5 for constant Δσ. 
From world-wide events with Ms = 5.8 - 8.5, Wyss (1979) 
obtained Mo~A1.5. From 88 worldwide continental SS events 
with Mw = 5 - 8, Hanks and Bakun (2002, 2008) obtained 
Mo~A1.5 [from Mw = log(A) + 3.98 ± 0.03] for A < 537 km2; 
and Mo~A2 [from Mw = log(A) + 3.07 ± 0.04] for A > 537 km2, 
thus suggesting a change of the scaling relationships at A < 
537 km2. This meets the effect as displayed in Fig. 2. From 
26 world-wide events with all slip-type faulting with Mw 
= 5.4 - 8.0, Ichinose et al. (2006) obtained Mo~Aa

1.75 (from  
Aa~Mo

0.57 ± 0.06), where Aa is the combined area of asperities 
in km2. For the source data obtained the finite-fault rupture 
models of world-wide earthquakes, Irikura and Miyake 
(2011) found Mo~Ae

1.5 (from Ae~Mo
2/3) for Mo < 7.5 × 1018 

N-m and Mo~A2 (from Ae~Mo
1/2) for Mo > 7.5 × 1018 N-m. 

For 32 slip models of world-wide subduction-zone earth-
quakes with Mw = 6.7 - 9.2, including 25 slip models of 
10 great earthquakes around Japan, Murotani et al. (2013) 
obtained Mo~A1.5 (from A~Mo

2/3 with SD = 1.61). They also 
obtained Mo~Aa

1.5 (from Aa~Mo
2/3 with SD = 1.78) and Aa/A 

= 0.2 where Aa to be the area of sub-faults having displace-
ments greater than 1.5 times Do. From a large number of 
all slip-type earthquakes with Mw = 5.4 - 9.2, Thingbai-

jam et al. (2017) obtained Mo~A1.43 [from log(A)~(1.049 ± 
0.066)Mw with SD = 0.121] for RE events; Mo~A1.86 [from 
log(A)~(0.808 ± 0.059)Mw with SD = 0.181] for NL events; 
Mo~A1.59 [from log(A)~(0.942 ± 0.058)Mw with SD = 0.184] 
for SS events; and Mo~A1.58 [from log(A)~(0.949 ± 0.049)
Mw with SD = 0.150] for subduction-interface events. The 
results suggest self-similar log(Mo)-log(A) scaling relation-
ship for all the cases, except for NL events.

There are some studies of Mo-A scaling relationships 
from regional data. For the source data obtained the finite-
fault rupture models of 19 Taiwan’s earthquakes with Mw = 
4.6 - 8.9, Ae, Yen and Ma (2011) obtained Mo~Ae

1.25 (from 
Ae~Mo

0.80 ± 0.13 with SD = 0.43), where Ae is the effective rup-
tured area of asperities in km2, for 12 DS events; Mo~Ae

1.09 
(from Ae~Mo

0.92 ± 0.14 with SD = 0.40) for 8 SS events; and 
Mo~Ae

1.15 (from Ae~Mo
0.87 ± 0.09 with SD = 0.41) for 19 all slip-

type events. Clearly, the value of scaling exponent estimat-
ed by Yen and Ma (2011) is lower than the expected one (= 
1.5) and those obtained by others. This might suggest par-
ticular source properties of Taiwan’s earthquakes. It would 
significant to study this problem from a larger data set.

In addition, the Mo-A scaling relationships based on  
Eq. (4) can be transferred from the Mw-A relationships inferred 
by some authors. Wells and Coppersmith (1994) obtained 
Mo~A1.53 [from Mw~(1.02 ± 0.03)log(A) with SD = 0.23] for 
83 SS events; Mo~A1.35 [from Mw~(0.90 ± 0.05)log(A) with SD 
= 0.25] for 43 RE events; Mo~A1.53 [from Mw~(1.02 ± 0.10)
log(A) with SD = 0.25] for 22 NL events; and Mo~A1.47 [from 
Mw~(0.98 ± 0.03)log(A) with SD = 0.24] for 148 all slip-
type events. For the source data from the finite-fault rupture 
models of 31 world-wide earthquakes with Mo = 2.2 × 1017 
- 1.2 × 1021 Nm, Mai and Beroza (2000) obtained Mo~A1.75 
(from A~Mo

0.44 ± 0.11 with SD = 0.21) for 8 SS events; Mo~A1.33 
(from A~Mo

0.71 ± 0.07 with SD = 0.26) for 11 DS events; and 
Mo~A1.39 (from A~Mo

0.64 ± 0.06 with SD = 0.25) for 31 all slip-
type events. From 15 inland world-wide crustal events, with 
majority in California, with Mw = 5.7 - 7.2 for all slip-type 
events, Somerville et al. (1999) obtained Mo~A1.5. From 7 
NL events with Mw = 5.9 - 7.1 in New Zealand, Villamor 
et al. (2001) obtained Mo~A1.99. Based on 396 world-wide 
events with Mw = 6.1 - 8.1 by Wells and Coppersmith (1994), 
Stirling et al. (2002) obtained Mo~A1.685 [from Mw~(0.89 ± 
0.05)log(A) with SD = 0.31] from 108 instrumental events 
and Mo~A1.923 [from Mw~(0.78 ± 0.06)log(A) with SD = 0.16] 
from 30 pre-instrumental events. From 50 censored data, 
they obtained Mo~A2.055 [from Mw~(0.73 ± 0.7)log(A) with 
SD = 0.26]. Based on 396 world-wide events with Mw = 6.1 
- 8.1 by Wells and Coppersmith (1994), Stirling et al. (2002) 
obtained Mo~A1.335 [from Mw~(0.89 ± 0.05)log(A)] from 108 
instrumental events and Mo~A1.17 [from Mw~(0.78 ± 0.06)
log(A)] from 30 pre-instrumental events. From 47 censored 
data, they obtained Mo~A1.095 [from Mw~(0.73 ± 0.07)log(A)]. 
From 15 events with Mw = 5.9 - 8.2 in New Zealand, Dowrick 
and Rhoades (2004) obtained Mo~A1.5 [from log(A)~1.0Mw]. 
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Based on world-wide events, Papazachos et al. (2004) ob-
tained Mo~A1.83 for SS events with Mw = 6.0 - 8.0; Mo~A1.92 
or DS events with Mw = 6.0 - 7.5 in continents; and Mo~A1.74 
for DS events with Mw = 6.7 - 9.2 in subduction regions. 
From 16 worldwide large SS events with Mw = 5.7 - 7.9, 
Somerville et al. (2006) obtained Mo~A1.58. Leonard (2010) 
obtained Mo~A1.5 for SS events, Mo~A1.5 for DS events, and 
Mo~A1.5 for events in stable continental regions. Strasser 
et al. (2010) obtained Mo~A1.30 [from Mw~(0.846 ± 0.046)
log(A) with SD = 0.277] for 85 interface events with Mw = 
6.3 - 9.4 and Mo~A1.47 [from Mw~(0.981 ± 0.093)log(A) with 
SD = 0.813] for 18 intraslab events with Mw = 6.3 - 9.4.

The values of scaling exponent n of the relationship 
of Mo~An obtained by various authors are listed in Table 1. 
All observations show n ≈ 1.5 and thus confirm the theo-
retically expected Mo-A scaling relationship, i.e., Mo~A1.5. 
Meanwhile, except for the results by Hanks and Bakun 
(2002, 2008), the scaling relationship holds in a large range 
of Mo or Mw.

For SS earthquakes in Japan, there are two end-member 
regimes in the Mo-A scaling relationships: Mo~A1.5 for small 
(self-similar) earthquakes and Mo~A for very large (W-
model) events. The transition between these two regimes, 
there is a transition regime with Mo~An where n is between 1 
and 3/2. But, some seismologists proposed n > 3/2 (see Luo 
et al. 2017; and cited references therein). For an example, 
Irikura and Miyake (2011) assumed n = 2 for intermediate 
magnitudes mentioned above. Based on earthquake cycle 
simulations, analytical dislocation models and numerical 
crack models on SS faults, Luo et al. (2017) investigate the 
mechanism of this transition regime. They found that, even 
if under the assumption of constant Δσ, the major factors in 
controlling properties of the transition regime are the sur-
face rupture effects, comprising an effective rupture elonga-
tion along-dip due to a mirror effect and systematic changes 
of the shape factor relating slip to stress drop. In addition, 
the secondary factors are deep rupture penetration, deeper 
viscous layer and scale-dependency of stress drop. Based 
on physical modeling, they proposed a simplified formula 
to describe the effects in Mo-A scaling relations for SS earth-
quakes in a large range of magnitudes.

10. L-W RElAtIonshIps

Based on the self-similarity proposed by Kanamori 
and Anderson (1975), W is proportional to L. Wang and 
Ou (1998) observed (1) for the surface rupture length:  
W~L0.38 ± 0.23 when L < 20 km and W~L0.05 ± 0.10 when L > 20 
km for all slip-type events; and (2) for the subsurface rup-
ture length: W~L0.99 ± 0.37 when L < 20 km and W~L0.09 ± 0.09 
when L > 20 km for all slip-type events. Obviously, W is 
independent upon L when L > 20 km, which is almost the 
average thickness of seismogenic zone in Taiwan. Leonard 
(2010) obtained W~L0.67 for DS events, SS events with A = 

3400 - 45000 m2 in plate boundary, and all slip-type events 
with A > 2500 m2 in stable continental regions. For Taiwan’s 
earthquakes, Yen and Ma (2011) observed a linear increase 
in W with L. In addition, Wesnousky (2008) observed that 
the aspect ratio L/W is well correlated to L: L/W~Lb, with b = 
0.96 for SS events, b = 0.81 for NL events, and b = 0.55 for 
RE events. Thingbaijam et al. (2017) observed that L grows 
more rapidly with Mo than W; L/W increase with Mo, with an 
increasing rate increasing from RE events, to NL events, to 
SS events. They also found that subduction-interface earth-
quakes have wider W (thus resulting a larger rupture area A) 
than others. Irikura and Miyake (2011) observed that W = L 
when W < Wsz and W = Wsz/sin(θ) when W ≥ Wsz where Wsz 
and θ are the width of seismogenic-zone and the dip angle 
of a fault, respectively.

11. Mo-L And Mo-W RElAtIonshIps
11.1 observations of the Mo-L Relationship

Based on the definition of Mo, the Mo-L and Mo-W scal-
ing relationships are naturally important for exploring scal-
ing of faults. First, the Mo-L scaling relationship is taken 
into account. It is interesting to ask a question if the scal-
ing relationship holds for the whole range of Mo as well as 
Mw or not. Hanks (1977) considered that Mo-L scaling holds 
for a wide range of events with L varying from meters to 
hundreds of kilometers. Actually, there is a large scatter 
in the data points of Mo versus L between Δσ = 1 bar to 
Δσ = 100 bars, and there are systematic deviations for very 
small events. Hank’s plots of Mo versus L show the scal-
ing exponent, n, is n > 3 for L < 0.5 km and n ≈ 3 for L > 
0.5 km. Hence, Mo is almost independent upon L for L < 
0.5 km. From this observation, Aki (1987) proposed that 
there is a lower-bound magnitude of Ml = 3 for earthquakes. 
But, this is questionable. Based on Aki’s proposition, the 
values of Mo for smaller earthquakes are lower than those 
estimated from the Mo-L relation, which is inferred from 
larger events. This could be due to under-estimates of Mo for 
smaller events because of weak long-period signals. Guten-
berg and Richter (1956) reported log(Es) = 11.8 + 1.5Mw 
(Es in ergs) or log(Es) = 4.8 + 1.5Mw (in J). If Ml exists, Es 
will keeps constant and does not decrease with Mw when 
Mw < Ml. However, Wang (2015) observed that Es decreases 
with Mw down to Mw = 0. This means that the lower limit of 
earthquake size does not exist. Scholz et al. (1986) stated 
that large intraplate earthquakes consistently have greater 
Mo/L than interplate events, the difference being about a 
factor of five. Aki (1992) observed a deviation of the Mo-L 
correlation for California earthquakes from the average one 
for Japanese events. However, the deviation is larger for SS 
events and smaller for RE events.

Nuttli (1983a) obtained Mo~L3.65 in a large range of Mo. 
From 10 worldwide events with Mw = 5.46 - 7.79 and h = 
3 - 140 km, Johnston et al. (1994) obtained Mo~L2.04. From 
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65 NL events with Mw = 6.5 - 7.2, Mason (1996) obtained 
Mo~L1.98. Wells and Coppersmith (1994) observed Mo~Lo

1.68 
[from Mw~(1.12 ± 0.08)log(Lo) with SD = 0.28 and Mo~Ls

1.11 
[from Mw~(1.49 ± 0.05)log(Ls) with SD = 0.24] (Lo = sur-
face rupture length and Ls = subsurface rupture length) for 
SS events, Mo~Lo

1.83 [from Mw~(1.22 ± 0.16)log(Lo) with SD 
= 0.28] and Mo~Ls

0.95 [from Mw~(1.49 ± 0.05)log(Ls) with 
SD = 0.24] for RE events, Mo~Lo

1.98 [from Mw~(1.32 ± 0.26)
log(Lo) with SD = 0.34] and Mo~Ls

0.75 [from Mw~(1.54 ± 
1.18)log(Ls) with SD = 0.31] for NL events, Mo~Lo

1.74 [from 
Mw~(1.16 ± 0.07)log(Lo) with SD = 0.28] and Mo~Ls

1.04 [from 
Mw~(1.54 ± 0.18)log(Ls) with SD = 0.26] for all slip-type 
events with Mw = 5.8 - 8.9. From 200 world-wide events 
with Mw = 4.3 - 8.5, Wang and Ou (1998) found Mo~L1.98 ± 0.14 
≈ L2 in a large range of Mo. For DS earthquakes, Stock and 
Smith (2000) obtained Mo~L3.2 in Japan and Mo~L2.9 in east-
ern Russia. For the source data from the finite-fault rupture 
models of 31 world-wide earthquakes with Mo = 2.2 × 1017 
- 1.2 × 1021 NM, Mai and Beroza (2000) obtained Mo~L2.78 
(from L~Mo

0.36 ± 0.06 with SD = 0.11) for 8 SS events; Mo~L2.63 
(from L~Mo

0.38 ± 0.05 with SD = 0.18) for 11 DS events; and 
Mo~L2.86 (from L~Mo

0.35 ± 0.04 with SD = 0.16) for 31 all slip-
type events.

For 396 world-wide events with Mw = 6.1 - 8.1, Stirling 
et al. (2002) obtained Mo~L1.2 [from Mw~(0.95 ± 0.06)
log(Lo)]. For SS events with Mw ≥ 5.5, Romanowicz and 
Ruff (2002) obtained Mo/Momin~Ln, where Momin = 0.5 × 1027 
dyne-cm and n = 1.2 ± 1.4 for continental/interplate events 
and Momin = 1.0 × 1027 dyne-cm and n = 1.09 ± 2.4 for con-
tinental/intraplate events. Papazachos et al. (2004) obtained 
Mo~L2.54 for SS events with Mw = 6.0 - 8.0; Mo~L3.00 for DS 
events with Mw = 6.0 - 7.5 in continents; and Mo~L2.73 for DS 
events with Mw = 6.7 - 9.2 in the subduction regions.

For world-wide earthquakes with Mo > 1025 dyne-cm 
and L > 15 km, Wesnousky (2008) obtained Mo~L1.31 for SS 
events, Mo~L0.71 for NL events, Mo~L2.82 for RE events, and 
Mo~L1.52 for all slip-type faults. It is noted that the data points 
for two small events with Mw < 1025.3 dyne-cm or Mw < 6.2 
remarkably depart from his linear relationship of log(Mo) 
versus log(L). Obviously, the scaling exponents vary with 
slip types and are all smaller than 2. He also observed  
L/W~Lb: b = 0.96 for SS events, b = 0.81 for NL events, and 
b = 0.55 for RE events.

Strasser et al. (2010) obtained Mo~L2.09 [from Mw = 
(1.392 ± 0.064)log(L) with SD = 0.814] for interface events 
with Mw = 6.3 - 9.4 and Mo~L2.17 [from Mw = (1.445 ± 0.164)
log(L) with SD = 0.813] for intraslab events with Mw = 6.3 
- 9.4. From world-wide events, Blaser et al. (2010) obtained 
Mo~L2.42 for RE events with Mw = 6.1 - 9.5 and L = 13 - 1400 
km; Mo~L2.42 for SS events with Mw = 5.3 - 8.1 and L = 7 
- 350 km; and Mo~L2.78 for all slip-type events with Mw = 
5.3 - 9.5 and L = 7 - 1400 km. From world-wide events (Mw 
= 4.7 - 9.0) of all slip types, Funning et al. (2013) obtained 
Mo~L2.0 for RE events, Mo~L1.6 for SS events, and Mo~L1.8 for 

all slip-type events. Based on 396 world-wide events with 
Mw = 6.1 - 8.1 by Wells and Coppersmith (1994), Stirling et 
al. (2002) obtained Mo~L1.425 [from Mw~(0.95 ± 0.06)log(L) 
with SD = 0.37] from 167 instrumental events and Mo~L1.125 
[from Mw~(0.75 ± 0.06)log(L) with SD = 0.21] from 59 pre-
instrumental events. From 50 censored data, they obtained 
Mo~L1.3 [from Mw~(0.80 ± 0.10)log(L) with SD = 0.30].

From microearthquakes with Mo = 1016 - 1021 dyne-cm 
recorded at Mt. Etna volcano and those with Mo = 1017 - 1020 
dyne-cm in the Calabrian Arc, Southern Italy, Patanè et al. 
(1997) observed a linear relationship between log(Mo) and 
log(R), where R is the radius of an event and also a type of 
fault length, L, in the whole range of RE events though they 
did not show the scaling exponent.

On the other hand, some authors observed a change of 
the Mo-L scaling relationship changes from small to large 
events. For Japanese events, Shimazaki (1986) found a 
change from Mo~L3 to Mo~L2 scaling at Mo = 7.5 × 1025 dyne-
cm or Mw = 6.5. The separation point is related to L = 17 km, 
which is nearly the average thickness of seismogenic layer 
in Japan. The characteristic area Ac is 17 × 17 km2. This im-
plicates that small Japanese events (with Mw < 6.5 or A < Ac) 
are not similar to large ones (with Mw > 6.5 or A > Ac). For 
world-wide SS events, Stirling et al. (1996) obtained Mo~L5.0 
when L < 50 km and Mo~L1.3 when L > 50 km. They also ob-
tained Mo~L2.1 for large intraplate earthquakes in Japan.

For 18 events with Mw = 5.9 - 8.2 in New Zealand, 
Dowrick and Rhoades (2004) obtained Mo~L3 [from 
log(L)~0.5Mw] when L < 6.0 km and Mo~L2.30 [from 
log(L)~(0.63 ± 0.04)Mw] when L ≥ 6.0 km where L is the 
subsurface rupture length. Obviously, the value of L = 6 km 
to separate small and large event in New Zealand is much 
shorter than that in Japan. From a large number of differ-
ent slip-type earthquakes with Mw = 5.4 - 9.2, Thingbai-
jam et al. (2017) obtained Mo~L2.44 [from log(L)~(0.614 ± 
0.043)Mw with SD = 0.083] for RE events, Mo~L3.09 [from 
log(L)~(0.485 ± 0.036)Mw with SD = 0.128] for NL events, 
Mo~L2.20 [from log(L)~(0.681 ± 0.052)Mw with SD = 0.151] 
for SS events, and Mo~L2.57 [from log(L)~(0.583 ± 0.037)Mw 
with SD = 0.107] for subduction-interface events. They also 
gained Mo~L3.13 for Mw ≤ 7.1 and Mo~L1.76 for Mw > 7.1.

Romanowicz (1992) reported two different scaling 
laws for small and large strike-slip events, separating at Mo 
= 1027 dyne-cm: Mo~L1/2 for small events and Mo~L for large 
ones. From a large data set of world-wide earthquakes with 
Mw = 4.0 - 9.6, Mo = 1022 - 1031 dyne-cm, L = 0.1 - 1000 km,  
and W = 1 - 300 km, Stock and Smith (2000) obtained: (1) 
for NL events: Mo~L3.1 (with SD = 0.8) for 32 small events 
and Mo~L4.1 (with SD = 2.1) for 6 large events; (2) for RE 
events: Mo~L2.7 (with SD = 0.9) for 77 small events and 
Mo~L2.9 (with SD = 0.9) for 9 large events; (3) for SS events 
in California: Mo~L2.8 (with SD = 1.4) for 27 small events 
and Mo~L2.1 (with SD = 1.4) for 9 large events; and (4) for SS 
events in other regions: Mo~L2.9 (with SD = 1.1) for 33 small 



Scaling of Faults 601

events and Mo~L2.3 (with SD = 1.4) for 29 large events. But, 
for the earthquakes in Japan and eastern Russia, they ob-
tained only a single linear relationship: (1) for 21 DS events 
in Japan: Mo~L3.2 (with SD = 1.1); and (2) for 16 DS events 
in eastern Russia: Mo~L2.9 (with SD = 1.3). Since the Japa-
nese earthquakes used by them have Mo < 1.0 × 1022 Nm, 
their data cover the range from small to large events used 
by Shimazaki (1986). Hence, their scaling law is essentially 
different from that inferred by Shimazaki (1986) in a wide 
Mo range. Based on the subsurface rupture lengths of finite-
fault rupture models of 19 Taiwan’s earthquakes with Mo = 
4.6 - 8.9, Yen and Ma (2011) obtained linear relationships: 
(1) for 12 DS events: Mo~L2.38 (from L~Mo

0.42 ± 0.06 with SD 
= 0.19); and (2) for 7 SS events: Mo~L2.0 (from L~Mo

0.50 ± 0.07  
with SD = 0.20); (3) for 19 all slip-type events: Mo~L2.13 
(from L~Mo

0.47 ± 0.04 with SD = 0.19). The reasons to yield lin-
ear relationships of Mo versus L in a large magnitude range 
for regional events in Japan and eastern Russia by Stock and 
Smith (2000) and for those in Taiwan by Yen and Ma (2011) 
are unclear, because the existence of a particular value of Mo 
or Mw, which is associated with the seismogenic-zone depth 
in a region, to separate the two ranges of events is physically 
reasonable as mentioned below.

The values of n of Mo~Ln are listed in Table 2. The 
value of n does not change from small to large world-wide 
events. On the other hand, the value of n changes from small 
to large regional events of all slip types, and its value is larg-
er for small events than for large ones for most of studies. Of 
course, there are opposite results for some studies as men-
tioned above [e.g., Stock and Smith (2000) for Japanese DS 
earthquakes and Yen and Ma (2011) for Taiwan’s events]. 
According to the seismogenic-zone model, for regional 
earthquakes two scaling laws separated at a particular mag-
nitude, which is related to the characteristic event having a 
rupture area of Ac, is more reasonable than a single scaling 
law. The presence of a single scaling law might be due to 
uncertainties of estimates of L. However, the problem is still 
open. Anyway, for each slip type the rupture length or width 
associated with the separating point seems to be consistent 
with the seismogenic-zone thickness. Considering the values 
of n for all slip-type events, Table 2 cannot give us a substan-
tial conclusion because the estimated values vary very much. 
This might be due to a small number of data in some studies. 
For the world-wide situation, earthquakes occur in different 
seismogenic zones with different depths and thus the single 
regression equation in a wide magnitude range represents a 
total effect of different seismogenic zones.

Anderson et al. (1996) addressed a significant problem 
whether the slip rate on a fault, γF, influences estimates of 
Mw of shallow continental surface rupturing earthquakes. 
Based on 43 event from Wells and Coppersmith (1994), 
they suggested that the estimate of Mw from L can be im-
proved by incorporating γF with the linear equation under 
constant Δσ: Mw = 5.12 + 1.16log(L) - 0.20log(γF). Nev-

ertheless, from the formulae the influence on Mw due to γF 
is small, because the related coefficient (= 0.20) is smaller 
than that (= 1.16) for log(L). By using 80 events (including 
56 SS, 13 RE, and 11 NL events), Anderson et al. (2017) 
found that when γF is taken into account, the estimates of 
Mw from L are improved for SS events, yet not for the other 
two slip-type events. Their results are slightly different from 
those by Anderson et al. (1996). Based on a database of 80 
events, including 56 SS, 13 RE, and 11 NL events, Ander-
son et al. (2017) re-evaluated the relationship of Model 1. 
Their results reveal that the value of Mw calculated from L 
are improved for SS earthquakes when slip rate is included 
but not for RE or NL events. Regardless of the γF term, a 
linear model with Mw~log(L) over all rupture lengths implies 
that Δσ depends on L. This is not supported by teleseismic 
observations. Hence, they proposed two more complicated 
models to correlate Mw: Model 2 is a bilinear model with 
constant Δσ for each linear section of the scaling relation-
ship; and Model 3 is a bilinear model with constant Δσ and 
derived from the model of Chinnery (1964). (The equations 
related to the two models can be found their paper and are 
not given here.) They prefer Model 3 because it is specified 
with constant Δσ over the entire range of L for any γF and 
fits the data very well. The three models are all dependent 
on γF for SS events. The dependence on γF from observa-
tions supports the conclusion that for SS events of a given 
length, Δσ decreases with increasing γF. Based on the esti-
mates of magnitudes of the 2016 Mw 7.8 Kaikoura and 2010 
Mw 7.1 Darfield earthquakes in New Zealand, Stirling and 
Anderson (2018) supported the result obtained by Anderson 
et al. (2017).

11.2 observations of the Mo-W Relationship

Some Mo-W scaling relationships are described be-
low. Wells and Coppersmith (1994) obtained: (1) Mo~W2.24 
[from Mw~(2.59 ± 0.18)log(W) with SD = 0.45] for 87 SS 
events; (2) Mo~W2.24 [from Mw~(1.95 ± 0.15)log(W) with 
SD = 0.32] for 43 RE events; (2) Mo~W3.45 [from Mw~(2.11 
± 0.28)log(W) with SD = 0.31] for 23 NL events; and (4) 
Mo~W2.24 [from Mw~(2.25 ± 0.12)log(W) with SD = 0.41] for 
153 all slip-type events. For the source data from the finite-
fault rupture models of 31 world-wide earthquakes with Mo 
= 2.2 × 1017 - 1.2 × 1021 NM, Mai and Beroza (2000) ob-
tained Mo~W11.11 (from W~Mo

0.09 ± 0.06 with SD = 0.12) for 
8 SS events; Mo~W3.03 (from W~Mo

0.33 ± 0.03 with SD = 0.16) 
for 11 DS events; and Mo~W3.45 (from W~Mo

0.29 ± 0.04 with SD 
= 0.18) for 31 all slip-type events. For the events with Mw 
= 5.9 - 8.2 in New Zealand, Dowrick and Rhoades (2004) 
obtained Mo~W3 when L < 6.0 km and Mo~W4.29 when L ≥ 
6.0. Papazachos et al. (2004) obtained: (1) Mo~W6.52 for SS 
events with Mw = 6.0 - 8.0; (2) Mo~W5.36 for DS events with 
Mw = 6.0 - 7.5 in continents; and (3) Mo~W5.00 for DS event 
with Mw = 6.7 - 9.2 in subduction regions. Strasser et al. 
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(2010) obtained Mo~W2.09 [from Mw = (1.805 ± 0.151)log(W) 
with SD = 0.392] for interface events with Mw = 6.3 - 9.4 
and Mo~W2.17 [from Mw = (2.511 ± 0.217)log(W) with SD = 
0.178] for intraslab events with Mw = 6.3 - 9.4. Blaser et al. 
(2010) obtained Mo~W3.33 for RE events with Mw = 6.1 - 9.5 
and W = 12 - 450 km; Mo~W5.56 for SS events with Mw = 5.3 - 
7.8 and W = 4 - 30 km; Mo~W2.27 for all slip-type events with 
Mw = 5.3 - 9.5 and W = 4 - 240 km. From a large number 
of all slip-type earthquakes with Mw = 5.4 - 9.2, Thingbai-
jam et al. (2017) obtained Mo~W3.45 [from log(W)~(0.435 ± 
0.005)Mw with SD = 0.087] for RE events; Mo~W4.64 [from 
log(W)~(0.323 ± 0.047)Mw with SD = 0.099] for NL events; 
Mo~W5.75 [from log(W)~(0.261 ± 0.026)Mw with SD = 0.105] 
for SS events; and Mo~W4.09 [from log(W)~(0.366 ± 0.031)
Mw with SD = 0.099] for subduction-interface events. They 
also gained Mo~W7.14 for Mw ≤ 7.1 and Mo~W7.50 for Mw > 
7.1, suggesting a small difference in scaling relationships 
between Mo and W for the two ranges of Mo.

For SS and RE events with Mw = 5.6 - 7.8 on low slip-
rate faults in New Zealand, Stirling et al. (2008) obtained 
a scaling relationship of Mw in terms of both L and W: Mw 
= 4.18 + (2/3)log(W) + (4/3)log(L). This relationship can 
simultaneously lead to Mo~W1 and Mo~L2.

The values of n of Mo~Wn are listed in Table 3, which 
cannot give us a substantial conclusion because the esti-
mated values vary very much. This might also be due to a 
small number of data in some researches and high uncer-
tainty of evaluating W. Based on the definition of Mo, the 
upper value of scaling exponent of Mo-W is 3, if the two 
scaling relationships: Do~W and L~W exist simultaneously. 
However, numerous estimated values of the scaling expo-
nent are larger than 3. This is questionable and might be due 
to miss-estimates of W from the aftershock area or from the 
finite-fault slip model.

11.3 Modeling

Based on the 1-D spring-slider model (denoted by the 
BK model) proposed by Burridge and Knopoff (1967) and 
its modified form, numerous studies have been made on the 
Mo-L scaling relationship. The model and the details about 
the studies can be seen in Wang (1995a, b), and only some 
results are simply described below. Since the model consists 
of a series of sliders along the horizontal axis, there is no 
fault width, Carlson and Langer (1989) defined an earth-
quake moment Mo’ = Σui to be the total displacement of a 
connected set of sliders, which slide during an event. This 
definition is different from Mo, and the definition of Mo’ 
leads to Mo’ = NsDo, where Ns is the number of sliders slid 
during an event. This leads to Mo’~L, where L is the rupture 
length of an event and is almost equal to Na, where “a” is the 
spacing between two sliders in the equilibrium state as men-
tioned above. Hence, Mo’~DoLW~DoA, where the value of 
W of the 1-D model is considered to be unity. This indicates 

that there is a positive correlation between Mo and Mo’.
Carlson et al. (1991) show that the simulated Mo’-L dis-

tribution varies with the event size: Mo’~L3/2 for small events 
and Mo’~L for large ones. The simulated Mo’~L distribution 
for intermediate-size events, cannot be interpreted by using 
a single power-law function. Wang (1995b) reported that 
only the rapidly velocity-weakening process can produce a 
well-defined power-law Mo’-L relation. He also found that 
the degree of dissipation of energy cannot change this scal-
ing law. His results do not show transition zone for interme-
diate-size events as pointed out by Carlson et al. (1991) and 
do give Mo’~L2 for small events and of Mo’~L for large ones. 
Based on continuum models associated with the 1-D BK 
model, several authors (e.g., Langer et al. 1996; Myers et al. 
1996; Shaw 1997) found that Mo’~L2 for the smallest events, 
and Mo’~L for the largest ones. Meanwhile, there is a transi-
tion range, which cannot be described by a single power-law 
function, for the intermediate-sized events. Those simulated 
Mo’~L relations are obviously different from observed ones. 
The value of scaling exponent of simulated relationship is 
one smaller than that of observed relationship. This might 
be due to a fact that all simulations are made based on the 
1-D model, while the observations come from natural 2-D 
fault zones. Hence, it should be significant to study further 
this problem using a 2-D BK model.

12. ApplIcAtIon of scAlIng lAWs to  
sEIsMIc hAzARd AssEssMEnt

The application of scaling laws to assess seismic haz-
ards and strong ground motions is an important and useful 
topic. Of course, it is necessary to select appropriate scal-
ing laws for this purpose. Irikura and Miyake (2011) and 
Stirling et al. (2013) discussed the problem in details. Here, 
only a simple description is given because it is somehow 
out of scope of this review study. The present studies ex-
hibit that scaling laws of source parameters of earthquake 
faults are regional dependent of different regional physical 
conditions of seismogenic zones. Meanwhile, regional scal-
ing laws are often different from world-wide scaling laws 
inferred from global data. This would influence the assess-
ment of seismic hazards in a region when the laws are lack 
in the region and must be taken from other regions. Hence, 
in order to assess seismic hazards in a region, it is necessary 
to use the scaling laws of source parameters inferred from 
the data of that region. On the other hand, in order to assess 
world-wild seismic hazards, for example the Global Earth-
quake Model (see https://www.globalquakemodel.org/), it 
is, of course, necessary to use the scaling laws of source 
parameters inferred from global data.

In addition, the quality of data and the selection of re-
gression technique are also important on the inferred scaling 
laws. In the theory of probability, there is an important law, 
i.e., the so-called law of large numbers (cf. Bhattacharyya 

https://www.globalquakemodel.org/
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and Johnson 1977), which describes the result of conducting 
the same experiment a large number of times. Based on this 
law, the statistical results obtained from a large number of 
trials should be close to the expected value. Hence, the scal-
ing laws inferred from a larger number of high-quality data 
could be more reliable than those from a smaller number of 
data. Meanwhile, the scaling laws inferred from the data by 
using the major-axis or orthogonal least-squared regression 
method would be more reliable than those by using the ordi-
nary regression method for seismic hazard assessment.

13. suMMARy

In this paper, the observational and theoretical studies 
of scaling of fault parameters, including static stress drop 
(Δσ), the seismic moment (Mo), the fault length (L), fault 
width (W), fault area (A), average displacement (Do), and 
maximum displacement (Dmax), are reviewed and main re-
sults are described below:
(1)  Assumptions of constant Δσ, of earthquakes and self-

similarity of faults: The assumption of constant Δσ pro-
posed by Aki (1967) is questionable.

(2)  The L- and W-models: According to given observed re-
sults, it is still difficult to determine which one is better 
than the other.

(3)  L-Do and L-Dmax relationships: Observations and theo-
retical results show nonlinear correlations between L 
and Do as well as Dmax and thus make the assumption of 
constant Δσ questionable.

(4)  Dependence of Do and Dmax on Mo: For all slip-type faults 
Mo scales with Do almost in a form of Mo~Do

2.67 and the 
scaling exponent is smaller for the dip-slip faults than 
for the strike-slip faults.

(5)  Do-A scaling relationships: Given result essentially ex-
hibits Do~A0.5.

(6)  The scaling relationship between Mo and the fault area, 
A, on Mo: All observations confirm the scaling relation-
ship of Mo~A1.5.

(7)  The scaling relationships between W and L: Given data 
have not yet lead to a confirmative correlation between 
the two source parameters.

(8)  The scaling relationships between Mo and L as well as 
W: For the Mo-L scaling relationship, the values of n are 
larger for small earthquakes than for large events for all 
slip types, even though the estimated values are not ex-
actly the same. This result is consistent with that inferred 
from the seismogenic zone. Since the respective estimat-
ed values of n for various slip types vary very much, no 
substantial conclusion can be made. For the Mo-W scaling 
relationship, given data cannot lead to a substantial cor-
relation between the two parameters and the estimated 
values of scaling exponent are unreasonably high.

(9)  Modeling of Mo-L scaling based on the one-dimensional 
spring-slider model in the presence of velocity-weaken-

ing friction: The simulation Mo’~L relations obtained by 
different authors are obviously different from observed 
ones. This might be due to a fact that simulations are 
made based on the 1-D model, while the observations 
come from natural 2-D fault zones.

(10)  In order to assess seismic hazards in a region, it is nec-
essary to use the scaling laws of source parameters in-
ferred from the data of that region. On the other hand, 
in order to assess world-wild seismic hazards, it is nec-
essary to use the scaling laws of source parameters in-
ferred from global data.
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