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Abstract

In this study, fuzzy logic modeling is applied to a complex and nonlinear set of data to predict both horizontal and vertical
peak ground accelerations in Iranian plateau. The data used for the model include an up-to-date seismic catalogue from
earthquakes in Iran for prediction of both horizontal and vertical acceleration of a probable earthquake. Fuzzy logic toolbox
on MATLAB program was used for modeling. Earthquake magnitude ranging from 4 to 7.4, source-to-site distance from 7
to 80 km and three different site conditions were considered: rock, stiff soil and soft soil. Results are compared with those
from worldwide and regional attenuation relationships, which show the higher capability of the model in comparison with
the other models. After training the model, testing of the fuzzy model with the remaining data set was performed to confirm
the accuracy of the model. Changes in the peak ground accelerations in connection with changes in input parameters are
studied which are in agreement with basic characteristics of earthquake input motions.
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Introduction

Earthquake input motions are of paramount importance in
engineering seismology. Attenuation relationships developed
from records of ground motions usually used to estimate
these input motions. In these relations, some independent
factors such as magnitude, distance from source of the earth-
quake to site, faulting mechanism and site conditions are
related to other dependent parameters such as peak ground
acceleration through regression analysis. There are many
factors that have been neglected on suggested equation for
estimating ground motions such as subsurface topography
variations, dynamic and static stress drop in the crust, radia-
tion pattern and different decay rate for different types of
waves (Anderson 1991; Boore 1983; Douglas 2001; Joyner
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1987; Joyner and Boore 1988). Lack of information on these
factors in the equations causes a large deviation in the devel-
oped relationships, which makes engineers use a large safety
factors at their designs (Douglas 2002) or in some cases, use
high input motion.

Ground motion prediction equations (GMPE) are improv-
ing every day. New earthquake data following with modern
data analysis help researchers to review GMPEs and improve
their reliability (Abrahamson et al. 2014; Boore et al. 2014;
Campbell and Bozorgnia 2014; Chiou and Youngs 2014;
Idriss 2014). Different attenuation relationships have been
suggested for prediction of ground motion characteristics
for worldwide, a country or a special zone (Ozmen and
Babsbug Erkan 2014; Shoushtari et al. 2016). Attenuation
relationships developed by Ambraseys and Douglas (2000),
Bozorgnia et al. (2000), Campbell and Bozorgnia (2000)
and Campbell and Bozorgnia (2003) are some examples for
worldwide use, and those developed by Ambraseys et al.
(1996), Ambraseys and Simpson (1996) and Bommer et al.
(1998) are examples for Europe and Middle east. In connec-
tion with this study, attenuation relationships developed by
Khademi (2002), Zare and Sabzali (2006) and Amiri et al.
(2007) are those developed to predict ground motions in
Iranian plateau.
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In the common methods of developing attenuation rela-
tionships, first recorded acceleration histories are analyzed
and short- and long-period noises are removed from data.
At the next step, useful dependent variable such as spectral
acceleration or peak ground acceleration is derived from
filtered acceleration histories, while independent variables
such as source-to-site distance or magnitude are collected.
At last complex analyses with the aim of best regression are
performed to get an acceptable result for dependent vari-
ables (Douglas 2002). Some researchers have used mag-
nitude, source-to-site distance and soil conditions in their
relations (Ambraseys and Douglas 2000), and some others
applied additional terms like source mechanism (Campbell
and Bozorgnia 2000; Atkinson and Boore 2003; Bozorgnia
and Campbell 2004). A comprehensive worldwide summary
of strong-motion attenuation relationships was prepared by
Douglas (2004). The next generation of attenuation rela-
tionships for shallow crustal earthquakes was developed in
Pacific Earthquake Engineering Research Center (PEER)
considering different site conditions (Abrahamson and Silva
2008; Boore and Atkinson 2008; Campbell and Bozorgnia
2008; Chiou and Youngs 2008; Idriss 2008). At recent years
NGA WEST program (Next Generation of Ground-Motion
Attenuation Models for the Western United States) and its
enhancement NGA WEST 2 were developed at PEER in
partnership with U.S. Geological Survey and southern Cal-
ifornia Earthquake Center to develop new ground motion
relations (Boore et al. 2014; Campbell and Bozorgnia 2014;
Idriss 2014).

Over the last 20 years, new variables have been added
to ground motion prediction equation and made them more
complex (Laurie et al. 2011). The majority of these models
are empirical and with a large number of parameters and
dependencies. Another drawback of these models is that they
are developed based on a predicted linear or nonlinear equa-
tion, with the hypothesis of normality of residuals for test-
ing the developed model (Thomas et al. 2016). The attenu-
ation relationships suggested to be used world widely were
developed based on data from different earthquake events on
Earth, especially from those with high earthquake magnitude
in different local areas. So, specific characteristics of data
in local areas were not considered. On the other hand, the
numbers of data in local areas are very low and their devia-
tions and discrepancies are very high, which results in high
standard deviations in the local attenuation relationships.
Therefore, attenuation relationships are highly uncertain due
to computational uncertainties and uncertainties of the input
parameters. In this case, fuzzy logic method has several ben-
efits as it uses the natural trends of the inspection data and
applies flexible interference rules (Sun et al. 2002). Another
advantage of fuzzy model is that it can be easily improved
and updated by new data of new earthquakes, while this
flexibility on both modeling process and updating data does
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not exist in the regression methods. In fuzzy logic modeling,
nonlinear functions of arbitrary complexity can also be mod-
eled and there is no need to insist on a predefined equation.

For the application of fuzzy logic theory in dealing with
the earthquake input motions, some research studies were
conducted on the signal processing and classification of
acceleration time histories; classification of earthquake
strong ground motion records was performed by Alimoradi
et al. (2005) using fuzzy pattern recognition. They showed
that Fuzzy logic approach was a promising analytical tool
in the classification of design ground motion records. An
algorithm based on fuzzy logic techniques was introduced
by Tsiftzis et al. (2006) for the classification of signals of
acceleration time histories according to the damage that they
cause in buildings. Mierlus-Mazilu and Majercsik (2010)
used fuzzy classification method for classification of signals
of ground acceleration time histories to define seismic dam-
age potential of ground motions. Jorjiashvili et al. (2012)
discovered the role of the uncertainty of the data in the seis-
mic hazard analysis through Fuzzy set theory; they found
that when there are insufficient data for hazard assessment,
site classification based on fuzzy set theory shows values
of standard deviations less than those obtained using the
classical way.

The only study on attenuation relationship via Fuzzy
logic approach was conducted by Ahumada et al. (2015)
for peak ground acceleration on different site conditions,
which was based on selected data from PEER database.
They showed that the epicentral distance and soil type have
major effects on the attenuation characteristics; in compari-
son with other selected empirical attenuation relationships,
their model had higher efficiency; however, they predicted
only peak ground horizontal acceleration (PGHA) from data
of 15 different earthquake events on Earth. A neuro-fuzzy
approach was also proposed by Thomas et al. (2016) for
predicting the peak ground acceleration (PGA), peak ground
velocity (PGV) and peak ground displacement (PGD) using
the database released by PEER; they compared their results
with two other hybrid models of artificial neural network
and genetic programming and showed that their method had
comparatively higher accuracy and lesser computation time.
They compared their results with prediction values from
three attenuation relationships, but they did not discuss the
trends of the output in connection with the input parameters;
therefore, they did not investigate whether their method cap-
tured principles of earthquake ground motion or not.

The objective of this study is to predict both peak ground
horizontal acceleration (PGHA) and peak ground vertical
acceleration (PGVA) using fuzzy logic approach to deal with
the uncertainties. The data from 28 different earthquakes in
Iranian plateau are used with the independent input param-
eters including records of earthquakes with moment mag-
nitude between 4.0 and 7.4, different site conditions of soft
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soil, soil and rock, and source-to-site distance from 7 to
80 km. These are three input parameters of the fuzzy model,
and PGHA and PGVA are its output. After evaluation of
the fuzzy logic model based on training and testing data,
the results are compared with those from attenuation rela-
tionships developed by other researchers for worldwide and
local area. The comparison shows improved performance
and better efficiency of the developed fuzzy model. In addi-
tion, trends of both PGHA and PGVA in connection with
input motion parameters are discussed which show that the
developed fuzzy model exhibits the important characteristics
of the earthquake input motion.

Fuzzy logic theory

In order to handle problems with imprecise data and ambigu-
ity, the fuzzy logic technique was introduced and pioneered
by (Zadeh 1965). The method is about the relative impor-
tance of precision (MATLAB 2000). It comes from fuzzy set
theory dealing with reasoning that is approximate rather than
just conclude from classical predicate logic. Fuzzy logic is a
mathematical and an organized method of handling inherent
inexact concepts and can be used as a new method or way
for expressing probability. It can apply to different kinds of
uncertainty. Probability works with chances of that happen-
ing but fuzzy logic deals with imprecision. This technique
can be applied to a nonlinear and complex set of data. There
are five different steps that process fuzzy interface:

e Fuzzification of input data; the first step is to take the
inputs and determine the degree to which they belong
to each of the appropriate fuzzy sets via membership
functions. In this study, these membership functions are
defined for magnitudes and source-to-site distance and
site conditions.

e Application of the fuzzy operator; based on expert judg-
ment, some logical rules are defined to correlate outputs
to the inputs.

e Implication from the antecedent to the consequent; in
this step proper weighting is assigned to each rule and
implication method is applied, resulted in a fuzzy set
represented by a membership function.

e Aggregation of the consequents across the rules; the rules
are combined in order to make a decision, which is a
single fuzzy set for the output.

o Defuzzification; here some methods are used to build a
single number from the resultant fuzzy set (MATLAB
2000)

Each input parameter has a degree on membership functions
in a fuzzy set. Higher probability of an input has a higher
degree of membership. If a degree of an element is zero, it

shows that the element is not a member of fuzzy set. For the
case of this study, initial Gaussian membership functions for
earthquake magnitude, source-to-site distance and site con-
ditions are shown in Fig. 1. These inputs are ambiguous and
imprecise and are the common input parameters of attenu-
ation relationships. Because of the nature of fuzzy logic
theory and its intrinsic feature in dealing with uncertainty,
fuzzy logic modeling is used in this study as a technique to
predict both PGHA and PGVA of a probable earthquake.

Strong-motion database

The ground motion at a site depends on the source-to-site
distance, energy released by the earthquake, local geologic
conditions and rupture mechanism (Wadia-fascetti and
Gunes 2000). For the definition of source-to-site distance,
Joyner and Boore (1981) found that the correct distance
for estimating ground motion parameters is the distance
between the site and exact point of earthquake occurrence
(hypocentral distance). Determination of this distance in the
past earthquakes and its prediction for future earthquakes is
very difficult. Therefore, the distance used at this modeling
is epicentral distance that is the distance from the site to
epicenter of an earthquake.

For the energy of an earthquake, moment magnitude (M)
is used as another input parameter, which was used in many
equations (Boore et al. 1993; Kobayashi et al. 2000; Lawson
and Krawinkler 1994; Sadigh et al. 1997). For the local geo-
logic or site conditions, shear-wave velocity in the top 30 m
(Vss) of the site was considered as the input for the site
condition, which was used in the recent developed attenua-
tion relationships (Abrahamson and Silva 2008; Boore and
Atkinson 2008; Campbell and Bozorgnia 2008; Chiou and
Youngs 2008). Depending on the information of the site con-
dition, categories such as “very soft soil,” “soft soil,” “stiff
soil” and “rock” sites can be considered in the attenuation
relationships. For instance, researchers such as Khademi
(2002) and Amiri et al. (2007) used only general soil and
rock conditions. However, in this study to be consistent with
other attenuations relationships such as Boore et al. (1997),
Ambraseys et al. (2005a, b) and Zare and Sabzali (2006),
three different site conditions of rock, stiff soil and soft soil
were considered with the definition described in Table 1.

Due to the lack of information in the recorded earthquake
data, parameters such as rupture mechanism, hanging wall
effect and alluvium depth were not considered in the devel-
oped fuzzy model. This keeps the model simple and consist-
ent with other comparable attenuation relationships such as
those developed by Boore et al. (1997), Khademi (2002),
Zare and Sabzali (2006) and Amiri et al. (2007).

At this study, 316 acceleration records from 28 earth-
quake events in Iranian plateau were accessed from Road,
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Table 1 Definition of the site condition in this study For the output of the model, both horizontal and vertical
Soil group Site condition Vo (m/S) a.cceleratlons were used. For the case of. horizontal accel'era-
tion, average of two components of horizontal accelerations
Rock > 750 was used, which were in the range of 0.01-0.67 g. Because
Stiff soil 350-750 of the large number of data used for the modeling, some of
Soft soil <350 these data are shown in Table 2 for examples. This includes

Housing and Urban Development Center (2012). These data
were collected from seismographs stations across the area.
Each of the data involves the information of coordination
of the station, date and time of earthquake, epicenter and
magnitude of earthquake and acceleration record at two hori-
zontal and one vertical direction. For the input of the model,
source-to-site distance between 7 and 80 km and earthquake
magnitude from 4 to 7.4 Richter were chosen.
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data in the ranges that has been used in this study.

Modeling and fuzzy logic rules

Fuzzy logic toolbox in MATLAB program was used for
fuzzy modeling (MATLAB 2000), in which moment magni-
tude, source-to-site distance and soil conditions were chosen
as input parameters, and PGHA and PGVA were outputs.
At first, three overlapped membership functions were used
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Table 2 Example of data used for modeling

Nos. Record Station Date M, R (km) Site PGHA(1) m/s? PGHA(2) m/s? PGVA m/s?
1 1012 Kiasar 11/05/1974 4.5 64 2 0.390 0.300 0.157

2 1006-1 Bandarabbas 03/07/1975 6.1 48 2 0.863 1.287 0.417

3 1006-2 Bandarabbas 03/07/1975 52 40 2 0.167 0.260 0.125

4 1007 Minab 03/07/1975 6.1 80 1 0.217 0.168 0.094

5 1008 Gheshm Island 03/07/1975 6.1 56 1 0.148 0.121 0.137

6 1013 Tonkabon 03/13/1975 44 34 3 0.428 0.192 0.102

7 1009 Minab 04/12/1975 4.8 48 1 0.357 0.154 0.077

8 1026 Shiraz 06/02/1975 4.1 60 3 0.505 0.251 0.286

9 1014-4 Hajiabad 10/08/1975 54 32 3 0.669 0.796 0.471

10 1024 Maraveh-Tappeh 12/27/1975 4.6 6 3 3.270 3.595 1.533

11 1034-1 Maku 02/27/1976 3.9 26 2 0.432 0.537 0.316

12 1034-2 Maku 04/02/1976 4.6 12 2 1.997 1.022 0.845

13 1040-3 Naghan-1 09/05/1976 4.7 88 1 0.437 0.495 0.452

14 1043 Ghaen 11/07/1976 6.4 10 1 1.150 1.570 1.700

15 1047-8 Vendik 11/07/1976 6.4 11 2 5.117 4.982 1.167

16 1047-9 Vendik 11/07/1976 4.8 9 2 1.750 1.559 0.674

for magnitude and source-to-site distance, but none of the
simulation was good enough, so with the process of trial
and error on the number of membership functions, better
simulation was conducted with two-overlapped member-
ship function for both magnitude and source-to-site distance.
Membership functions for magnitude of earthquake (M) are
called moderate and severe and for epicentral distance (D)
are intermediate field and far field.

Soil condition (S) was classified into three different
groups without any effect on each other, and because of this
reason, there is no overlap of the membership functions.
Figure 1 shows initial Gaussian membership functions for
the magnitude of earthquake, source-to-site distance and
site condition, respectively. It should be mentioned that due
to the lack of data with epicentral distance less than 7 km,
no membership function was considered for the near field
earthquakes. In fact, the fuzzy logic model is proposed for
the estimation of earthquake acceleration with the source-
to-site distance between 7 and 80 km. This distance contains
intermediate and far field distances.

Fuzzy rules for a sample data are defined as follows:

R: IFMis X, and D is X, and S is X;
then PGHA is Y, and PGVA is ¥,

X,, X, and X; represent membership functions for magni-
tude of earthquake, source-to-site distance and site condi-
tion, respectively. Y, and Y, are resultant peak horizontal and
vertical accelerations.

These rules may be triggered in different strengths based
on the input data of the earthquakes and some of them may
not be triggered. With the combination of the triggered rules,

PGHA and PGVA were achieved through use of two fuzzy
interface systems: Mamdani-type interface (Mamdani and
Assilian 1975) and Sugeno interface system (Sugeno 1985).
After several trial and errors on the output and with the focus
on reducing the error in the predicted values, Sugeno-type
interface was used for the final layout of the fuzzy logic
model. For the defuzzification of the output, the weighted
averages of all functions were applied.

From the total data of 316 acceleration records, 240 ran-
dom data were used for training the model and remaining
data were used for testing. To train the model to reach an
acceptable acceleration, more than 8000 training were done
to reach a constant error reduction of 5%. During training the
model, membership functions of the magnitude and source-
to-site distance were changed accordingly with the aim of
lowering the ultimate error in such a way that the best match
occurred in the outputs. Figure 2 shows the optimized mem-
bership functions for magnitude and source-to-site distance
after training the model. Comparing the membership func-
tion in Figs. 1a and 2a, it can be seen that the peak of the
membership function for moderate function was changed
from M =4 to M =5, which shows that in the selected data-
base, data with magnitude around 5 are more effective than
those with magnitude 4 in prediction of the accelerations.
For the membership function of source-to-site distance, this
comparison shows that the membership function for the far
field and intermediate field were increased and decreased,
respectively; membership function for far field was strength-
ened and for the intermediate field was weakened.
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Evaluation of the model

All the input parameters have some uncertainty, but the most
uncertainties occur in the site conditions and the source-to-
site distance. Similar to the study by Ahumada et al. (2015),
these uncertainties were not waived in this study, but a better
and accurate approach was developed to address them.

In order to evaluate the performance of the model, pre-
dicted and measured values of PGHA and PGVA are shown

(b)

in Fig. 3. As can be seen, the data in both peak accelera-
tions are distributed along the line Y=X, which shows that
predicted accelerations are close to observed accelerations.
In order to evaluate the performance of the model quantita-
tively, coefficient of efficiency (CE) and global error in the
model as root mean square error (RMSE) were used based
on the following definitions:

Fig.3 Comparison between 0.75 0.3
observed and predicted earth- Fuzzy Model Fuzzy Model
quake accelerations, a PGHA CE=0.55 CE=0.67
and b PGVA © RMSE=0.05g C RMSE=0.02
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N 2
CE = _Z’;l(a’;ao‘) 1)

Xici (‘_10 - aoi)2

: N 0.5
RMSE = <N . Z (ay; —a(,i)2> )

where a,;, a,; and a, are predicted acceleration, observed
acceleration and mean observed acceleration for the obser-
vation i, respectively. N is the total number of data.

Both CE and RMSE are presented in Fig. 3; due to a high
discrepancy in the data, which usually exists in the earth-
quake input motions, the coefficient of efficiencies in both
PGHA and PGVA is a little low, with a better accuracy in
the vertical acceleration.

In order to compare the efficiency of the model with other
attenuation relationships, two worldwide and three regional
relationships were used; for the former, attenuation relation-
ships developed by Boore et al. (1997), Ambraseys et al.
(20054, b) were selected and for the latter, the relationships
presented by Amiri et al. (2007); Khademi (2002), Zare and
Sabzali (2006) were used. The reason for selection of the
worldwide attenuation relationships is first, because data
from Middle East and Iranian plateau were used in the devel-
opment of the relationships and second due to use of similar
local site conditions as those in this study.

The results of the acceleration prediction with these atten-
uation relationships are shown in Fig. 4 in comparison with
the fuzzy logic simulation. Figure 4a and b shows that there
are high discrepancy in the observed and predicted accelera-
tions in all attenuation relationships similar to fuzzy logic
modeling, but the coefficient of efficiency in fuzzy logic
model is better than those based on attenuation relationships.

For PGHA greater than 0.4 g almost all methods under-
estimate the horizontal acceleration, even fuzzy logic mod-
eling; the reason for the former is the insufficient data for
high accelerations. Among the attenuation relationship
methods, the method presented by Amiri et al. (2007) has
better results and its CE and RMSE are the same as those in
the fuzzy logic model. RMSE as an overall error in all data
is almost in the range of 0.05-0.06 g.

For PGVA, fuzzy logic modeling has a better result than
the methods based on attenuation relationships. Methods
presented by Zare and Sabzali (2006) and Ambraseys et al.
(2005b) overestimate and underestimate the vertical accel-
eration, respectively, with low coefficient of efficiency. But
there is no strong bias in other methods as well as in the
fuzzy logic model. The deviation from the 45° diagonal line
in the fuzzy logic model is less than methods relying on
attenuation relationships, which results in higher CE and
lower RMSE in the fuzzy logic model. These confirm that

the efficiency and accuracy of the fuzzy logic model are bet-
ter than those based on attenuation relationships.

Earthquake input motion characteristics
in the model

An important contribution of the fuzzy system is its inherent
capacity to capture nonlinear relationships (Ahumada et al.
2015) in the input—output set of data. As can be seen in the
developed model, the complex relationship was set in the
selected earthquake database. But does this model incorpo-
rate the fundamental aspects of attenuation relationships?
Does the model capture the important characteristics of the
earthquake motions? In this part, these important aspects
are discussed for the developed fuzzy logic model to dem-
onstrate how well the model is aligned with principles of
seismic wave propagations.

An important aspect of modeling with intelligent sys-
tems is that if the selected data are appropriate, these mod-
els should show the engineering principles and mechanisms
throughout the whole system without enforcing by additional
rules. In order to control these specific aspects in this study,
the trends of the output in connection with changes in the
inputs are investigated. For instance, after training and test-
ing the model and achieving an acceptable fuzzy model in
the previous section, different values were entered in the
model with different magnitudes and source-to-site distances
on three different site conditions to see the changes in both
PGHA and PGVA. Changes in the output with changes in
the inputs were assessed to find their dependencies, which
are shown in Fig. 5 for horizontal acceleration. It can be seen
from these figures that with increasing the source-to-site dis-
tance of earthquake, the horizontal acceleration decreases,
which is expected due to the geometrical spreading of the
earthquake motions in the ground. Also in this figure, the
increase in PGHA with the increase of earthquake magni-
tude is shown, which is compatible with the general concept
of wave source generation.

The effect of site condition has also been captured by the
fuzzy logic model. The results of the fuzzy logic model show
that the peak accelerations in the stiff soil and soft soil con-
ditions in all distances and earthquake magnitudes are higher
than those in rock condition. Based on data from Mexico
City and the San Francisco Bay area and several response
analyses, Idriss (1990) showed that at low to moderate accel-
eration levels (less than about 0.4 g), peak acceleration at the
surfaces of soil deposits are likely to be greater than on rock
sites. This is in agreement with the results of the modeling in
this paper, depicted in Fig. 5. In higher accelerations, oppo-
site trends may happen in soft soils because of the dissipa-
tion of earthquake energy in soil layers due to their nonlinear
behavior. However, the maximum predicted earthquake on
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Fig.4 Comparison between observed and predicted ground motion accelerations using fuzzy logic modeling and attenuation relationships a
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rock sites in the fuzzy logic model even in the magnitude of
7 is around 0.4 g. Comparing with the results of the ground
response analysis by Idriss, in these range of accelerations,
both increase and decrease in peak ground acceleration on
soils are possible (Fig. 6).

Changes in peak vertical acceleration with source-to-
site distance for four values of earthquake magnitude and
different site conditions are shown in Fig. 7. As can be
seen on these graphs similar to horizontal accelerations,

vertical accelerations reduce by increasing the distance
and decreasing the earthquake magnitude.

Similar to horizontal acceleration, site conditions affect
the values of vertical acceleration. It can be seen from
Fig. 7 that vertical accelerations in rock sites in all dis-
tances and in all earthquake magnitude are less than those
in soil sites, which is in agreement with Idriss’s study
mentioned before. This is the result of local site condi-
tion, which can influence all important characteristics of
strong ground motion such as duration, frequency content
and amplitude. The effect of local site condition can be
illustrated in several ways: by theoretical ground response
analyses, by measurement of ground surface motions from
different sites with different subsurface conditions and by
measurement of actual surface and subsurface motions at
the same site, but in general softer soil will amplify low-
frequency (long-period) bedrock motions more than stiffer
soil and the reverse would be observed for high-frequency
motions (Kramer 1996).

In order to see the change in the acceleration due to the
change in the earthquake magnitude, PGHA and PGVA for
the source-to-site distance of 35 km are presented in Fig. 8.
The trend shows that with an increase in the earthquake
magnitude, both PGHA and PGVA increase; the former in
an S-shaped curve and the latter with increasing rate. This
picture also shows the increase in the peak accelerations in
the soil sites in comparison with rock sites.
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Fig.8 Changes in horizontal and vertical acceleration at the distance of 35 km

Changes in horizontal and vertical acceleration at two
different magnitudes of 4 and 6 for the rock site condition
are shown in Fig. 9. Reduction in the acceleration in both
PGHA and PGVA is shown in these curves. Results show
that differences between horizontal and vertical accelera-
tion in higher magnitudes are more considerable than lower
magnitudes, especially when distance is lower than 40 km.
In the lower magnitude (M =4), difference between PGHA
and PGVA remains constant up to almost 40 km.

@ Springer

The above discussion shows that important character-
istics of earthquake motion are modeled via fuzzy logic
model; reduction of peak ground acceleration with an
increase in the source-to-site distance and decrease in
the magnitude of the earthquake and effect of site condi-
tions on the magnification of input motion. Therefore, the
developed fuzzy logic model captures these characteristics
without enforcing them via additional equations; enforcing
is inherited by the input data.
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Comparison with other attenuation
relationships

In Fig. 4, peak ground accelerations from the fuzzy logic
model are compared with those from different attenua-
tion relationships. In this section, the results of the fuzzy
logic model are compared with these methods considering
the concept of attenuation relationships; for instance, the
simulation was done with a constant magnitude of 5 and
7 for the local site conditions of soil and rock with vari-
ous source-to-site distances. In Fig. 10, curves of PGHA
and PGVA versus distance from fuzzy logic modeling are
compared with those from the study by other researchers.
Figure 10a shows that the developed fuzzy logic model
has a tendency in presenting higher PGHA at the high
earthquake magnitudes in the site-to-source distance less
than 40 km, regardless of the site condition; the results
of the fuzzy model in this condition in long distances are
almost in the range of other relationships. For PGHA in
lower magnitudes, the tendency of the model is lowering
the acceleration in the shortest distance. These alterations
of the fuzzy logic from other methods are most probably
due to the lack of regional acceleration data in high mag-
nitudes and low distances.

Figure 10b shows that attenuation relationship for PGVA
from fuzzy logic modeling is almost in the range of accelera-
tion from traditional attenuation relationships, except for the
data at high magnitudes and low distances, in which fuzzy
logic gives an underestimated result. Again this is due to
insufficient acceleration data in these ranges of inputs.

The above discussion shows that when there are no suffi-
cient data in some areas of the strong database, the results of
modeling will be overestimated or underestimated and care
should be taken to apply the method for practical purposes.
One way to reduce the lack of data in the input motion could
be the use of data from other areas on Earth, which has the

same seismotectonic characteristics and site conditions as
the selected regional area.

As can be seen in Fig. 10, different ground motion models
give a different value for the peak ground accelerations and
the differences between peak accelerations are high in both
worldwide and regional attenuation relationships. Because
of these uncertainties in these models, logic tree method
is recommended as a framework for the explicit treatment
of model uncertainty (Kramer 1996). Instead in the fuzzy
logic model, the attenuation relationship is developed based
on previous data in the regional area and regional ground
motion characteristics are inherited in the model.

Discussion

In traditional approaches for development of attenuation
relationships, with regression analysis on all data, a formula
is obtained based on theoretical and empirical assumptions.
But in a fuzzy system each of the input data has its own
weight and validity on the output. Because of the dynamic
nature, fuzzy logic modeling is more flexible in predicting
the acceleration. Furthermore, on the fuzzy logic model for
peak ground acceleration, the uncertainty of data is consid-
ered automatically, which changes from one data to another
data. Therefore, each output has its own special and separate
uncertainty, and because of this fact, a complex relation-
ship between accelerations and input parameters can be
established.

The results of this study showed that the efficiency of the
fuzzy logic model is higher than the regional and worldwide
attenuation relations for prediction of acceleration (Fig. 4).
The efficiency in PGVA is even higher. This is probably
because the effect of individual data is considered natu-
rally in the fuzzy logic model. Along with the fuzzy logic
model, the accuracy of the prediction by regional attenuation
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Fig. 10 Curves of peak ground accelerations versus distance for magnitude 5 and 7 in soil and rock sites, a PGHA and b PGVA

relationships is generally higher than worldwide attenua-
tion. This is because in the formula for the local attenua-
tion relations such as those developed by Khademi (2002),
Zare and Sabzali (2006) and Amiri et al. (2007), the data
from Iranian Plateau were used with the same site condi-
tions. However, in other attenuation relationships, data of
various seismotectonic environments was employed. In
the relationship developed by Ambraseys et al. (2005a, b),
data from Europe and the Middle East were used; although
this covers Iranian plateau, the discrepancy in its results is

@ Springer

higher than regional attention relationships and fuzzy model.
The accuracy of the results from the attenuation relation
developed by Boore et al. (1997) is a little better, while data
from western North American earthquakes were used in its
development. This means that in addition to the worldwide
attenuation relations, regional attenuation relations such as
the one developed in this study should be applied.

One issue with the implementation of the fuzzy logic
theory is the number of data selected for the prediction. In
this study for estimation of ground motion acceleration in
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Iranian Plateau, the number of data was limited to the num-
ber of records from earthquake events in the region. In fact,
the developed model for attenuation relationships works only
in this region and cannot be used in other area on Earth.
Distribution of the input data is another shortcoming of the
fuzzy logic models for earthquake input motions, which is
inherited in the earthquake data. More data are available for
earthquake input motions with lower magnitudes due to its
high frequency of occurrence. In the current paper, 20% of
the data have magnitude greater than 5.5. This means that
accuracy of the model for earthquake events more than 5.5
magnitude is lower than the rest of them. This is because in
the fuzzy logic model more data have been used for train-
ing within the range of 4-5.5 magnitude. For the worldwide
attenuations, quite a few earthquake acceleration histories
are available (e.g., in PEER earthquake database) due to the
number of earthquake recorded across the world. However,
the number of ground motion records is increasing due to
recording new earthquakes. The benefit of the developed
model is the fact that new data can be added to update the
model. In fact, this is the flexibility of the fuzzy logic model,
which benefits users to advance the attenuation model.

Conclusions

In this study, a fuzzy logic model was developed to predict
peak ground horizontal and vertical earthquake accelerations
inside Iranian plateau. Input parameters were earthquake
magnitude between 4 and 7.4, source-to-site distance from
7 to 80 km and local site conditions of rock, stiff soil and soft
soil. Comparison between predicted and observed accelera-
tions showed an acceptable level of acceleration prediction
for both PGHA and PGVA, especially in the far field. In the
developed fuzzy logic model, the uncertainty of earthquake
ground motion records was accurately simplified by imple-
menting only a few of motion parameters.

In order to evaluate the accuracy of the fuzzy logic model
in presenting basic characteristics of earthquake wave propa-
gation, a parametric study was conducted; it was shown that
trends of the PGHA and PGVA with changes in earthquake
magnitude, source-to-site distance and local site conditions
are meaningful with respect to ground motion characteris-
tics. These were not implemented in the fuzzy logic model
as additional rules, but overall rule were achieved from the
input—output data. These basic characteristics are:

e With an increase in the distance and a decrease in the
magnitude, both horizontal and vertical accelerations
decrease, which is in agreement with the concept of geo-
metric spreading and anelastic attenuation.

e In the ranges of data used in this study, the peak ground
acceleration in soil sites are more than rock sites.

The comparison between the attention relations showed that
the attenuation curves from the fuzzy logic model were in
the range of regional attenuation relations for large distances.
This is probably because the data from the same seismotec-
tonic environment have been used. The attenuation relations
for PGHA developed by the fuzzy logic model were also
comparable with those developed by worldwide formula.
However, PGVA from worldwide formula (Ambraseys et al.
2005a, b) was lower than the fuzzy logic model and other
regional attenuation relations. A possible explanation for this
might be that other seismotectonic environments were used
in the worldwide formula. Attenuation curves from the fuzzy
logic model for the near field acceleration deviate from other
relations, which is probably due to the lack of data in the
near field.

Overall, the results of the study confirm that new methods
based on fuzzy logic theory can be used for improving and
developing attenuation relations and predicting both PGHA
and PGVA for engineering applications. However, various
physics-based GMPE:s suffer from a satisfactory number of
records of large earthquakes (M > 6.5), especially in the near
field (R < 10 km). The method applied in this study can give
more reliable and robust results, provided that the data set
used exhibits satisfactory distribution in magnitude, distance
and soil conditions.

Acknowledgements We thank the Road, Housing and Urban Develop-
ment Research Centre, Tehran, Iran, for providing us with the strong-
motion database. The authors also gratefully acknowledge the support
from Ali Beitollahi, Head of Engineering Seismology Department at
this research center, and Mehdi Zare from International Institute of
Earthquake Engineering and Seismology (IIEES) for their critical and
helpful comments, which have led to significant improvement of the
article. The authors also thank Ataturk University for using MATLAB
at its computer laboratory.

References

Abrahamson NA, Silva WJ (2008) Summary of the Abrahamson and
Silva NGA ground-motion relations. Earthq Spectra 24:67-97.
https://doi.org/10.1193/1.2924360

Abrahamson NA, Silva WJ, Kamai R (2014) Summary of the ASK14
ground motion relation for active crustal regions. Earthq Spectra
30(3):1025-1055. https://doi.org/10.1193/070913EQS198M

Ahumada A, Altunkaynak A, Ayoub A (2015) Fuzzy logic-based
attenuation relationships of strong motion earthquake records.
Expert Syst Appl 42(3):1287-1297. https://doi.org/10.1016/j.
eswa.2014.09.035

Alimoradi A, Pezeshk S, Naeim F, Frigui H (2005) Fuzzy pattern
classification of strong ground motion records. J Earthq Eng
9(3):307-332. https://doi.org/10.1080/13632460509350544

Ambraseys N, Douglas J (2000) Reappraisal of the effect of vertical
ground motions on response. In: ESEE Report 00-4. Department
of Civil and Environmental Engineering, Imperial College, Lon-
don, http://www.esee.cv.ic.ac.uk/reports.htm

Ambraseys NN, Simpson KA (1996) Prediction of vertical response
spectra in Europe. Earthq Eng Struct Dyn 25(4):401-412. https

@ Springer


https://doi.org/10.1193/1.2924360
https://doi.org/10.1193/070913EQS198M
https://doi.org/10.1016/j.eswa.2014.09.035
https://doi.org/10.1016/j.eswa.2014.09.035
https://doi.org/10.1080/13632460509350544
http://www.esee.cv.ic.ac.uk/reports.htm
https://doi.org/10.1002/(SICI)1096-9845(199604)25:4%3c401:AID-EQE551%3e3.0.CO;2-B

88

Acta Geophysica (2020) 68:75-89

://doi.org/10.1002/(SICI)1096-9845(199604)25:4%3c401:AID-
EQE551%3e3.0.CO;2-B

Ambraseys NN, Simpson KA, Bommer JJ (1996) Prediction of
horizontal response spectra in Europe. Earthq Eng Struct Dyn
25(4):371-400. https://doi.org/10.1002/(SICI)1096-9845(19960
4)25:4%3c371:AID-EQE550%3¢3.0.CO;2-A

Ambraseys NN, Douglas J, Sarma SK, Smit PM (2005a) Equations
for the estimation of strong ground motions from shallow crustal
earthquakes using data from europe and the middle east: hori-
zontal peak ground acceleration and spectral acceleration. Bull
Earthq Eng 3:1-53. https://doi.org/10.1007/s10518-005-0183-0

Ambraseys NN, Douglas J, Sarma SK, Smit PM (2005b) Equations
for the estimation of strong ground motions from shallow crustal
earthquakes using data from europe and the middle east: vertical
peak ground acceleration and spectral acceleration. Bull Earthq
Eng 3:55-73. https://doi.org/10.1007/s10518-005-0186-x

Amiri GG, Mahdavian A, Manouchehri-Dana F (2007) Attenuation
relationships for Iran. J Earthq Eng 11(4):469-492. https://doi.
org/10.1080/13632460601034049

Anderson JG (1991) Strong motion seismology. Rev Geophys
29:700-720

Atkinson GM, Boore DM (2003) Empirical ground-motion relations
for subduction zone earthquakes and their application to Cascadia
and other regions. Bull Seismol Soc Am 93(4):1703-1729. https
://doi.org/10.1785/0120080108

Bommer JJ, Elnashai AS, Chlimintzas GO, Lee D (1998) Review and
development of response spectra for displacement based seismic
design. In: ESEE Report 98-3. Department of Civil Engineering,
Imperial College, London

Boore DM (1983) Strong-motion seismology. Rev Geophys Space Phys
21(6):1308-1318

Boore DM, Atkinson GM (2008) Ground-motion prediction equa-
tions for the average horizontal component of PGA, PGV, and
5%-damped PSA at spectral periods between 0.01 s and 10.0 s.
Earthq Spectra 24:99-138. https://doi.org/10.1193/1.2830434

Boore DM, Joyner WB, Fumal TE (1993) Estimation of response spec-
tra and peak accelerations from western North American earth-
quakes: an interim report. In: Open-file report. US Geological
Survey, pp 93-509

Boore DM, Joyner WB, Fumal TE (1997) Equations for estimating
horizontal response spectra and peak acceleration from western
North American earthquakes: a summary of recent work. Seismol
Res Lett 68:128-153

Boore DM, Stewart JP, Seyhan E, Atkinson GM (2014) NGA-West2
equations for predicting PGA, PGV, and 5% damped PSA for shal-
low crustal earthquakes. Earthq Spectra 30:1057-1085. https://
doi.org/10.1193/070113EQS184M

Bozorgnia Y, Campbell KW (2004) The vertical-to-horizontal response
spectral ratio and tentative procedures for developing simplified
V/H and the vertical design spectra. J Earthq Eng 8(2):175-207.
https://doi.org/10.1080/13632460409350486

Bozorgnia Y, Campbell KW, Niazi M (2000) Observed spectral char-
acteristics of vertical ground motion recorded during worldwide
earthquakes from 1957 to 1995. In: Proceedings of twelfth world
conference on earthquake engineering, paper no. 2671

Campbell KW, Bozorgnia Y (2000) New empirical models for predict-
ing near-source horizontal, vertical, and V/H response spectra:
implications for design. In: Proceedings of the sixth international
conference on seismic zonation

Campbell KW, Bozorgnia Y (2003) Updated near-source ground-
motion (attenuation) relations for the horizontal and verti-
cal components of peak ground acceleration and acceleration
response spectra. Bull Seismol Soc Am 93(1):314-331. https://
doi.org/10.1785/0120020029

Campbell KW, Bozorgnia Y (2008) NGA ground motion model for
the geometric mean horizontal component of PGA, PGV, PGD

@ Springer

and 5% damped linear elastic response spectra for periods rang-
ing from 0.01 to 10 s. Earthq Spectra 24:139-171. https://doi.
org/10.1193/1.2857546

Campbell KW, Bozorgnia Y (2014) NGA-West2 ground motion
model for the average horizontal components of PGA, PGV, and
5% damped linear acceleration response spectra. Earthq Spectra
30:1087-1115. https://doi.org/10.1193/062913EQS175M

Chiou BSJ, Youngs RR (2008) An NGA model for the average hori-
zontal component of peak ground motion and response spectra.
Earthq Spectra 24:173-215. https://doi.org/10.1193/1.2894832

Chiou BSJ, Youngs RR (2014) Update of the Chiou and Youngs
NGA model for the average horizontal component of peak
ground motion and response spectra. Earthq Spectra 30:1117—
1153. https://doi.org/10.1193/0728 13EQS219M

Douglas J (2001) A critical reappraisal of some problems in engi-
neering seismology. Ph.D. Thesis, University of London

Douglas J (2002) Earthquake ground motion estimation using strong-
motion records: a review of equation for the estimation of peak
ground acceleration and response spectral ordinate. Earth Sci
Rev 61:43-104. https://doi.org/10.1016/S0012-8252(02)00112
-5

Douglas J (2004) Ground motion estimation equations 1964-2003:
reissue of ESEE report 01-1: ‘A comprehensive worldwide sum-
mary of strong-motion attenuation relationships for peak ground
acceleration and spectral ordinates (1969 to 2000)’ with correc-
tions and additions. In: Technical report 04-001-SM. Department
of Civil and Environmental Engineering; Imperial College of Sci-
ence. Technology, and Medicine; London

Idriss IM (1990) Response of soft soil sites during earthquakes. In:
Duncan JM (ed) Proceedings, H. Bolton seed memorial sympo-
sium, vol 2. BiTech Published, Vancouver, pp 273-289

Idriss IM (2008) An NGA empirical model for estimating the hori-
zontal spectral values generated by shallow crustal earthquakes.
Earthq Spectra 24:217-242. https://doi.org/10.1193/1.2924362

Idriss IM (2014) An NGA-West2 empirical model for estimat-
ing the horizontal spectral values generated by shallow crus-
tal earthquakes. Earthq Spectra 30:1155-1177. https://doi.
org/10.1193/070613EQS195M

Jorjiashvili N, Yokoi T, Javakhishvili Z (2012) Assessment of uncer-
tainties related to seismic hazard using fuzzy analysis. Nat Haz-
ards 60(2):501-515. https://doi.org/10.1007/s11069-011-0026-z

Joyner WB (1987) Strong-motion seismology. Rev Geophys
25(6):1149-1160. https://doi.org/10.1029/RG025i006p01149

Joyner WB, Boore DM (1981) Peak horizontal acceleration and veloc-
ity from strong-motion records including records from the 1979
Imperial Valley, California, earthquake. Bull Seismol Soc Am
71(6):2011-2038

Joyner WB, Boore DM (1988) Measurement, characterization, and
prediction of strong ground motion. In: Proceedings of earthquake
engineering and soil dynamics II, geotechnical division ASCE,
43-102

Khademi MH (2002) Attenuation of peak and spectral accelerations in
the Persian plateau. In: Proceedings of twelfth European confer-
ence on earthquake engineering. Paper reference 330

Kobayashi S, Takahashi T, Matsuzaki S, Mori M, Fukushima Y, Zhao
JX, Somerville PG (2000) A spectral attenuation model for Japan
using digital strong motion records of JMAS87 type. In: Proceed-
ings of twelfth world conference on earthquake engineering, paper
no. 2786

Kramer SL (1996) Geotechnical earthquake engineering. Prentice-Hall,
Inc, Upper Saddle River

Laurie G, Baise, Eric M (2011) Thompson, incorporating site effects
in ground motion prediction equations. In: Final technical report.
USGS Award Number G11AP20033


https://doi.org/10.1002/(SICI)1096-9845(199604)25:4%3c401:AID-EQE551%3e3.0.CO;2-B
https://doi.org/10.1002/(SICI)1096-9845(199604)25:4%3c401:AID-EQE551%3e3.0.CO;2-B
https://doi.org/10.1002/(SICI)1096-9845(199604)25:4%3c371:AID-EQE550%3e3.0.CO;2-A
https://doi.org/10.1002/(SICI)1096-9845(199604)25:4%3c371:AID-EQE550%3e3.0.CO;2-A
https://doi.org/10.1007/s10518-005-0183-0
https://doi.org/10.1007/s10518-005-0186-x
https://doi.org/10.1080/13632460601034049
https://doi.org/10.1080/13632460601034049
https://doi.org/10.1785/0120080108
https://doi.org/10.1785/0120080108
https://doi.org/10.1193/1.2830434
https://doi.org/10.1193/070113EQS184M
https://doi.org/10.1193/070113EQS184M
https://doi.org/10.1080/13632460409350486
https://doi.org/10.1785/0120020029
https://doi.org/10.1785/0120020029
https://doi.org/10.1193/1.2857546
https://doi.org/10.1193/1.2857546
https://doi.org/10.1193/062913EQS175M
https://doi.org/10.1193/1.2894832
https://doi.org/10.1193/072813EQS219M
https://doi.org/10.1016/S0012-8252(02)00112-5
https://doi.org/10.1016/S0012-8252(02)00112-5
https://doi.org/10.1193/1.2924362
https://doi.org/10.1193/070613EQS195M
https://doi.org/10.1193/070613EQS195M
https://doi.org/10.1007/s11069-011-0026-z
https://doi.org/10.1029/RG025i006p01149

Acta Geophysica (2020) 68:75-89

89

Lawson RS, Krawinkler H (1994) Cumulative damage potential of seis-
mic ground motion. In: Proceedings of tenth European conference
on earthquake engineering, vol 2. pp: 1079-1086

Mamdani EH, Assilian S (1975) An experiment in linguistic synthesis
with a fuzzy logic controller. Int J Man-Mach Stud 7(1):1-13

MATLAB (2000) Fuzzy logic toolbox for use with MATLAB: user’s
guide. In: Fourth printing, revised for MATLAB 6.0. The Math
Works Inc

Mierlus-Mazilu I, Majercsik L (2010) Efficient methods for the clas-
sification of seismic damage potential of ground motions. Sci J
Ser Math Modell Civ Eng 1:51-60

Ozmen B, Babsbug Erkan BB (2014) Probabilistic earthquake hazard
assessment for Ankara and its environs. Turk J Earth Sci 23:462—
474. https://doi.org/10.3906/yer-1302-6

Road, Housing and Urban Development Research Center (2012) Iran
strong motion network. http://www.bhrc.ac.ir/

Sadigh K, Chang CY, Egan JA, Makdisi F, Youngs RR (1997) Attenu-
ation relationships for shallow crustal earthquakes based on Cali-
fornia strong motion data. Seismol Res Lett 68(1):180-189

Shoushtari AV, Adnan AB, Zare M (2016) On the selection of ground—
motion attenuation relations for seismic hazard assessment of the
Peninsular Malaysia region due to distant Sumatran subduction

intraslab earthquakes. Soil Dyn Earthq Eng 82:123-137. https://
doi.org/10.1016/j.s0ildyn.2015.11.012

Sugeno M (1985) Industrial applications of fuzzy control. Elsevier
Science Pub. Co, New York

Sun SS, Sung DC, Yong RK (2002) Empirical evaluation of a fuzzy
logic-based software quality prediction model. http://dl.acm.org/
citation.cfm?id=765833. Retrieved on 15/05/2016

Thomas S, Pillai GN, Pal K, Jagtap P (2016) Prediction of ground
motion parameters using randomized ANFIS (RANFIS).
Appl Soft Comput 40:624-634. https://doi.org/10.1016/j.
asoc.2015.12.013

Tsiftzis I, Andreadis I, Elenas A (2006) Fuzzy system for seismic signal
classification. IEE Proc Vis Image Signal Process 153(2):109-
114. https://doi.org/10.1049/ip-vis:20050068

Wadia-fascetti S, Gunes B (2000) Earthquake response spec-
tra models incorporating fuzzy logic with statistics. Com-
put Aided Civ Infrastruct Eng 15(2):134-146. https://doi.
org/10.1111/0885-9507.00178

Zadeh LA (1965) Fuzzy sets. Inf Control 8:338-353

Zare M, Sabzali S (2006) Spectral attenuation of strong motions in
Iran. In: Third international symposium on the effects of surface
geology on seismic motion grenoble, France

@ Springer


https://doi.org/10.3906/yer-1302-6
http://www.bhrc.ac.ir/
https://doi.org/10.1016/j.soildyn.2015.11.012
https://doi.org/10.1016/j.soildyn.2015.11.012
http://dl.acm.org/citation.cfm?id=765833
http://dl.acm.org/citation.cfm?id=765833
https://doi.org/10.1016/j.asoc.2015.12.013
https://doi.org/10.1016/j.asoc.2015.12.013
https://doi.org/10.1049/ip-vis:20050068
https://doi.org/10.1111/0885-9507.00178
https://doi.org/10.1111/0885-9507.00178

	Peak ground acceleration prediction by fuzzy logic modeling for Iranian plateau
	Abstract
	Introduction
	Fuzzy logic theory
	Strong-motion database
	Modeling and fuzzy logic rules
	Evaluation of the model
	Earthquake input motion characteristics in the model
	Comparison with other attenuation relationships
	Discussion
	Conclusions
	Acknowledgements 
	References




