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Generation methodology of isolines of earthquake ground motion

Li Wei' and Li Shanyou?!
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Abstract: Due to limited financial resources and challenging geographical conditions, the number of seismic observation
networks in China is still very small and they are not widely distributed. Therefore, the available earthquake records obtained
after an earthquake have been limited. In this paper, auto-generation methods to obtain strong motion isolines under different
conditions are proposed. To verify the accuracy of these methods, some examples, including application to the 2008

Wenchuan earthquake, are given.
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1 Introduction

With the development of seismic observation
networks, the objective of strong motion observation
networks has expanded from providing actual data
for near-field seismology and earthquake engineering
research, to also providing rapid ground motion reports
based on real-time and near real-time data obtained from
the network for use in earthquake prevention and disaster
reduction (Jin et al., 2006; Li et al., 2002). Moreover,
strong motion observation data are important for
earthquake disaster protection, earthquake emergency
response, disaster assistance and reconstruction (Li,
2004; Li et al., 2003). Earthquake early warning and
earthquake emergency control systems based on real-
time strong motion observation networks are important
components in earthquake prevention and disaster
reduction, which have received increased attention in
recent years (Zhu et al., 2002; Li et al., 2004).

The generation model of ground notion isolines
provides a basis for seismic risk evaluation and loss
estimation. Luo and Pan (2009) indicated that the
isoline maps are a combination of data and graphics;
spatial distribution of geographical objects and the
interrelationship of geographical elements can both be
represented by isoline maps. A large number of related
studies in this area have been carried out throughout the
world (Li et al., 2008; Yang and Luo, 2010; Wu et al.,
2008; Enescu and Enescu, 2005).
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In this paper, auto-generation methods for strong
motion isolines under different conditions are proposed.
Using the limited available earthquake records (bedrock
PGAs), the influence range of ground motion and its
corresponding attenuation law can be quickly evaluated
after an earthquake using mathematical methods, such
as statistical analysis, interpolation method, and so
on, which may be significant for guiding earthquake
preparedness and emergency response efforts.

2 Methodologies for generation of isolines of
ground motions

In this paper, the development of auto-generation
models of isolines is primarily based on the quantity
of ground motion parameters and on-site strong motion
data obtained. The isolines can be generated by different
methods depending on the existing available data in the
following three cases:

(1) Only the ground motion parameters are available.
Plot the isolines wusing the known ground motion
parameters, earthquake faulting direction (based on the
major orientation of active faults near the epicenter) and
ground motion attenuation relationship.

(2) Only limited ground motion parameters and a
few strong motion observation data are available. Since
the least number of observation points is six, when
plotting the isolines using discrete observation data,
even if there are more than six observation data, if the
spatial distribution of the points is uneven, the isolines
may differ greatly from the real ones. Therefore, the
ground motion field generation method is proposed,
which is based on the theoretical value of ground motion
and then corrected by real observation data.

(3) A large number of strong motion observation
data are available. If there is enough strong motion
observation data and the observation stations are
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distributed homogeneously, the acceleration values on
the regular grid nodes can be obtained directly by using
common interpolation methods (Li, 2006), such as the
distance-weighted interpolation method based on the
least-square method (Wang, 1989), kriging interpolation
method (Demyanov et al., 1998; Wang et al., 1999),

modified quadratic Shepard interpolation method (Bai
et al., 2002) and the distance-weighted interpolation
method (Franke, 1982). The isolines of the ground
motion field can then be drawn.

A flowchart of computation is shown as follows

(Fig. 1):
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Fig. 1 Flowchart of computation

2.1 Generation of isolines based on ground motion
parameters and adequate records

To generate isolines based on ground motion
parameters and an adequate number of records, the
following steps can be taken.

Step 1: At first, according to the given values of
ground motion of the isolines, earthquake magnitude and
the ground motion attenuation relationship, the elliptical
major axis R, and minor axis R, can be identified. Then,
plot different isolines of the ellipses along the epicenter
and faulting direction.

Step 2: The ground motion values at given grid
nodes are computed by using the attenuation relationship

and the isolines can be obtained by using the tracing
method.

The calculation of the ground motion characteristics
values at the grid nodes is as follows: Let the epicenter
be the origin of coordinates (0, 0), the angle between
the earthquake faulting direction and the horizontal
axis x be a; (x, y,) denotes the coordinates of the grid
node i. Then, a new Cartesian coordinate system x'Oy’
is created, by setting its origin also at the epicenter and
its abscissa parallel to the earthquake faulting, (x,,y,)
denotes the coordinates of the grid node i in the new
coordinate system. The following relationship between
(x, y) and (x,,y,) can be obtained from the coordinate
transformation:
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X, =X, cosa + y,sina
e))

Y, =y, cosa—x,sina

For an elliptical function, if the major axis is R,

the minor axis R, should be: Rb:| yl| / J1-x7/R>, R,
increases by 0.1 km pedometer in the interval |x, | to

300 km (suggested values). The values of ¥ and Y, can
be obtained by putting R_and R, into the corresponding
attenuation formula, then taking the average value of Y,
and Y, as the ground motion values at the grid nodes
when they have the most proximal value.

2.2 Generation of isolines based on ground motion
parameters and a few strong earthquake data

The ground motion values are calculated first at
the grid nodes by using the attenuation relationship
because it requires regular data to generate isolines. The
calculation methods are as follows.

(1) Calculate the theoretical values of the
ground motion at the grid nodes using the attenuation
relationship.

(2) Calculate the ground motion values at the grid
nodes near the observation stations again according to
the distance-weighted interpolation method and using
the real data from the observation station. To employ
the function of the real ground motion values from the
observation stations, the weight of the real data should
be increased.

(3) Use the tracing method to generate the isolines
based on the PGAs at the regular grid nodes.

2.3 Generation of isolines based on data from strong
ground motion observation network

(1) Directly obtain the PGAs at the regular grid
nodes by the generally used interpolation methods, such
as the least-square method, kriging interpolationmethod,
modified quadratic Shepard interpolation method,
distance-weighted interpolation method, etc.

(2) Use the tracing method to generate the isolines
based on the PGAs at the regular grid nodes.

3 Examples

The following examples illustrate the generation of
isolines using the methods described in Section 2.

It is assumed that the earthquake magnitude is M
=7, the angle between the earthquake faulting direction
and horizontal direction is 45°, and the ground motion
attenuation relationship (GB 18306-2001, 2001) is as
follows:

logY = 1.3879+0.7413M-2.3164x
log(R +0.7998exp(0.5299M)) 2)

log¥, = 0.8671+0.6136M-1.8657x
log(R,+0.6144exp(0.5299M)) 3)

3.1 Generation of the ground motion isolines

3.1.1 Scheme 1

At first, according to the given value of (PGA)
of isolines (Y, Y,) , earthquake magnitude M and the
ground motion attenuation relationship, the major axis
R and the minor axis R, of the ellipse can be identified as
listed in Table 1, then the isolines are plotted on R and R,
according to the ellipse formula as shown Fig. 2.
3.1.2 Scheme 2

The grid nodes size is set about 10 kmx10 km and
the Cartesian coordinate system size is set about -100 km
to +100 km. The epicenter is set as a grid origin and the
angle of the magnitude faulting direction and horizontal
direction is 45°. Then the coordinate of grid nodes (x,
y,) in the coordinate system of the earthquake faulting
direction is generated according to Eq. (1):

Table 1 Ground motion parameters and R, & R,
of the corresponding ellipses

No.  PGA (Gal) R (km) R, (km)
1 500 14.57 17.94
2 400 19.35 20.59
3 300 26.22 24.52
4 250 31.04 27.34
5 200 37.49 31.20
6 150 46.76 36.897
7 100 61.95 46.57
8 50 94.95 68.86
9 25 139.46 101.18
10 10 222.98 167.23
150
100 —
50 N
E
<
>~ 0 —
-50 —
-100 —
| | |
-150
2150 <100 -50 0 50 100 150

X (km)

Fig. 2 Isolines of the ellipses generated with given ground
motion
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(1) When x, = 0, ¥, # 0, the grid nodes are
located at the minor axis R, which is upright to the
earthquake faulting direction. In this case R, = ;, and
the acceleration value can be generated directly using
the attenuation relationship of the minor axis.

(2) When x’ #0, ¥, =0, the grid nodes are located
at the major axis R, which is situated on the magnitude
faulting direction. In this case R= x; and the acceleration
value can be generated dlrectly using the attenuation
relationship of the major axis.

(3) When x, =0, y; =0, the grid nodes are located
at the epicenter. In this case R = 0, R = 0, and the ellipse
attenuation relationship can be used directly to generate Y,
and Y, and their average is taken as the acceleration value.

(4) When x, #0, »; #0, the acceleration value at the
grid nodes are calculated as follows: According to the
elliptical function, if the major axis is R, the minor axis

R, will be : R = |y;|/1/1—x;2/R: , R increases by 0.1

km pedometer in the interval |x, | to 300 km (suggested
values). Calculate the values of Y and Y, by putting
R and R, into the corresponding attenuation formula,
then take the average value of ¥ and ¥, as the ground
motion values at the grid nodes when they have the most
proximal value.

Figure 3 shows the isolines obtained based on the
grid nodes value.

100

-100
-100 80 -60 -40 20 0 20 40 60 80 100

X (km)

Fig. 3 Isolines charted based on the Scheme 2

3.2 Generation of isolines based on ground motion
parameters and a few strong earthquake data

Three ground motion values of the observation
station are added under a given condition.

The attenuation relationship is used to calculate
the theoretical values of the ground motion at the grid
nodes (Scheme 2 in Section 3.1.2). Then, re-evaluate the
ground motion values at the grid nodes of 60 km=60 km
areas in which the three observation stations are centered
separately by the distance-weighted interpolation
method. To employ the function of the real ground
motion values from the observation stations, their
weights are increased by 10 times. Then, the isolines
are created on the basis of the recalculated grid nodes
values.

Figure 4 shows the computation results and the
spatial distribution of the stations. The ground motion
values and the three selected observation stations are
shown in Table. 2

3.3 Generation of isolines based on the data from
strong ground motion observation network

3.3.1 Example 1

If there are enough data of the strong ground motion
observation stations and the stations are uniformly
distributed, the acceleration values at the regular grid
nodes can be directly determined by generally used
interpolation methods, such as the least-square method,
kriging interpolation method, modified quadratic Shepard

100
80
60

Y (km)
=

-1
0—{%00 -80 60 -40 70 O 20 40 60 80 100

X (km)

Fig. 4 Isolines charted based on ground motion and few
strong motion data

Table 2 Locations of the selected three observation stations and ground motion values

No. X (kem) ¥ (k) (Obzgée(f 3211)1ue) (Th;?;:’iggﬂlue)
260 60 776 276
2 30 40 183.1 133.1
50 0 132.7 82.7
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interpolation method, distance-weighted interpolation 3.3.2 Example 2—application to Wenchuan earthquake
method and so on. The isolines can then be plotted. After the M 8.0 Wenchuan earthquake, a number
Choose 12 regular data from the results of Scheme 2 of strong motion observation data were obtained, and
in Section 3.1 and use deferent interpolation methods much research work has been carried out (Li ef al., 2008;
to generate the isolines. (See Table 3, Figs. 5(a)—(d)) Yang and Luo, 2010; Wu et al., 2008). In this paper,

Table 3 Coordinates of selected data and corresponding ground motion

No. 1 2 3 4 5 6 7 8 9 10 11 12

Coordinate (km) X  -60 0 60 -50 70 10 40 =70 -30 80 20 -50
Yy -80 -60 -70 -50 -20 -10 10 30 30 50 70 80

PGA (Gal) 444 634 243 815 398 2913 1306 352 79 472 585 239

Y (km)
¥ (km)

e

0 20 40 60 80 -80¢, 40 20 0

X (km) X (km)
(b) Distance-weighted interpolation based on least-square method

(a) Distance-weighted interpolation

80

S 60

40

20

Y (km)
Y (km)
[=1]

'80-80

-SQSO 60 -40 -20 0 20 40 60 80
X (km)

(c) Kriging interpolation

X (km)

(d) Modified quadratic Shepard interpolation

Fig. 5 Ground motion isolines using different interpolation methods along with spatial distribution of selected data represented
by rectangles
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Table 4 Coordinates of selected data and corresponding ground motion

Longitude Latitude PGA(Gal) Longitude Latitude PGA(Gal)
No. ©) © (Observed value) No. © ©) (Observed
value)
1 102.34 29.13 103.325 17 102.9 30.54 190.23
2 102.89 29.23 63.221 18 103.18 31.04 957.7
3 102.27 29.28 81.333 19 103.99 31.28 581.592
4 102.44 29.29 85.536 20 104.09 31.52 824.1208
5 102.24 29.43 93.892 21 102.91 31.53 261.755
6 102.62 29.5 83.035 22 103.45 31.56 342.381
7 102.62 29.59 142.3301 23 103.34 31.57 320.938
8 102.99 29.85 102.1007 24 104.74 31.78 511.3302
9 102.87 29.89 117.366 25 104.63 31.78 519.4906
10 103.37 29.91 143.382 26 103.64 32.51 186.5403
11 102.4 29.92 123.282 27 104.21 33.03 173.722
12 102.98 29.99 153.58 28 104.25 33.24 100.041
13 102.92 30.07 124.1405 29 104.11 33.33 112.1909
14 102.93 30.16 118.148 30 104.53 33.66 108.7708
15 103.26 30.42 199.849 31 104.39 34.05 83.964
16 102.88 30.49 153.2508 32 104.02 34.43 70.629
the acceleration values at the regular grid nodes was 35° T T T
computed directly by the methods described in Section .
3.3.1. The data from 32 observation stations were selected 340 S R
and the isolines were drawn by deferent interpolation . ;
methods as shown in Table 4, and Figs. 6 & 7 (a)—(d). 33°¢ bl vk i
Note that the distribution along the major axis shows Pmo
good agreement with the actual distribution and the 320} e e
interpolation results are effectively controlled, while the ' '
effects of the minor axis are not good. The major reason 310p g 5
is that most of the data points are distributed along the :
major axis of the fault, while fewer points are along the | 4 .
minor axis. Due to the limited actual observation data, . . P :
it is difficult to conclude which interpolation method 29;’020 1 l(l;"" i IU; s i T05¢
. . . . . 2
is best for the generation of ground motion isolines. Longitude
However, the Kriging lntf_:rpolatlon met.hOd ap pea.rs to Fig. 6 Spatial distribution of selected data in Wenchuan
be better than others, as it comprehensively considers
. . earthquake
the influence of various factors.
35° 35°

34°

33°

32°

29]01" 102°  103°  104° 105° 106° 107°
Longitude
(a) Distance-weighted interpolation method

34°

33°

32°

31°

30°

101° 102°

29

1 1 1
103°  104°  105° 106° 107°
Longitude

(b) Distance-weighted interpolation based on least-square method

Fig. 7 Ground motion isolines generated by different interpolation methods (the selected data are also shown by rectangles)
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Fig. 7 Continued

4 Concluding remarks

In this paper, the generation methods of ground
motion isolines under three different conditions were
proposed and their feasibility was verified through
examples.

(1) The method based on ground motion parameters
and sufficient records can be used when only the
earthquake magnitude and the ground motion attenuation
relationship can be obtained after an earthquake. Since
the attenuation relationships are the empirical statistical
equations after previous earthquakes, the isolines
computed by using them may not be accurate and can
only provide a general estimate of the range of shaking
level after an earthquake occurs.

(2) In the method based on ground motion
parameters and a few strong motion observation data, the
isolines are drawn first by using theoretically computed
ground motion values and then modified by the actual
observation data.

(3) The method based on data from a strong ground
motion observation network draws the isolines directly
by using general interpolation methods. The application
to the 2008 Wenchuan earthquake found that the
distribution along the major axis showed good agreement
with the actual distribution and the interpolation results
were effectively controlled, while those along the minor
axis were not adequate due to fewer data points.

(4) From the examples given in this paper, note that
the Kriging interpolation method is preferable, because
the influence of various factors is comprehensively
considered. For the distance-weighted interpolation
method and distance-weighted interpolation based on
the least-square method, only the influence of distance
is considered; therefore great deviation from the actual
results could occur. For the limited actual observation
data, the modified quadratic Shepard interpolation
method may not provide rational results. However, it

is difficult to conclude which of the four interpolation
methods is best, and further studies are needed when
more actual observation data become available.
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