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ABSTRACT 
 

Evaluation of ground response due to earthquake is one the most important problems in geotechnical earthquake 
engineering. This includes prediction of ground movements caused by the “hard bed rock” transmitting through soil 
layers. Several linear, semi-linear and nonlinear techniques have been proposed in this context.  Linear methods, 
however, are not reliable since the soil material behave nonlinearly when facing large displacements occurred by 
earthquakes. In current study we use adaptive neuro fuzzy inference system (ANFIS) to assess this problem. Data 
needed to train the system are generated using the software NERA working based upon nonlinear method. Two 
training strategies namely gird partitioning and subtractive clustering are adopted for training the fuzzy model. Once 
the models are trained their predictions are compared with the well-known commercial software SHAKE. The 
results indicate that the model trained by subtractive clustering algorithm predicts the ground motion better than the 
other model.  
KEYWORDS: Ground Response Analysis, ANFIS, NERA, SHAKE. 
 

1. INTRODUCTION 
 

The earthquake, shaking and vibration at the surface of the earth resulting from the underground movement 
along a fault plane, is one of the most destructive natural phenomena on the earth. The earthquake-induced ground 
vibration is due to the upward transmission of the stress waves from a hard rock to the softer soil layers [1]. The 
influence of relatively shallow earth materials on the propagation of body waves (P and S waves) during an 
earthquake is known as ground response [2]. 

Traditionally the one-dimensional frequency-domain numerical scheme has been employed to perform site 
response analysis, which works based upon the equivalent visco-elastic approach [3–5]. This approach has been 
extensively adopted in the last 30 years and is widely accepted in the engineering practice despite of its limitations. 

Nowadays Time-domain finite element or finite difference schemes are also used to solve the ground 
response problem accounting for the solid–fluid interaction by means of a fully coupled effective stress formulation 
[6, 7]. In these schemes, mechanical behavior of the soil can be defined using either simple or complicated non-
linear constitutive models with different level of complexity. Furthermore, using these numerical approaches one is 
able to analyze the site response and the corresponding interaction with the existing structures simultaneously [8–
15]. 

The one-dimensional wave propagation analysis is probably the most widely used method to perform site 
response analysis because of its ease of use and conservative results [3].  

The well-known computer program SHAKE firstly developed by Schnabel et al. [3], is based on the 
equivalent linear method. One other computer program working based on nonlinear approach is NERA (Nonlinear 
Earthquake site Response Analysis of layered soil deposits), first encoded by Bardet and Tobita [16]. Both SHAKE 
and NERA require the individual soil strata to be characterized as homogenous and isotropic. In addition, both 
methods are one-dimensional, analyzing only vertically propagating shear waves (S waves). 

The data required to model soil layers in NERA is similar to that used in the ELM in PROSHAKE software. 
The input data consists of layer thickness, bulk density, initial shear modulus of soil material, and the relation of 
shear modulus with shear strain. Additionally, a time history of acceleration is commonly required to characterize 
the motion of the underlying bedrock. 

In current paper we use adaptive nero fuzzy inference system (ANFIS) to solve the wave propagation 
problem in a simple and quick manner. Data needed to train the networks are generated using NERA, a computer 
code for nonlinear ground response analysis. Moreover, the predictions of the proposed ANFIS models are 
compared with outputs of SHAKE. 
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2. Ground Response Analysis 

Ground response analyses are performed to predict ground displacements for design response spectra and 
determine the earthquake-induced forces that can lead to instability of earth-based and earth-retaining structures. 
Generally speaking, the methods for analyzing ground response can be grouped according to the dimensionality of 
wave propagation pattern into: one-dimensional (1-D), two-dimensional (2-D), and three-dimensional (3-D) shear 
wave propagation methods. Most of these methods are based on the assumption that the main responses in a soil 
deposit are caused by the upward propagation of horizontally polarized shear waves originated from the underlying 
rock. 

1-D method assumes that all boundaries are horizontal and that the response of a soil deposit is 
predominantly caused by vertically propagating shear wave originated from underlying bedrock. In spite of the fact 
that the soil layers are commonly inclined or bent, they are simply regarded as horizontal in most cases. Moreover, 
the length of a layer may be assumed infinite compared with its thickness. Consequently, it is justifiable to model 
them as 1-D horizontal layers. Analytical and numerical methods based on this concept, incorporating linear 
approximation instead of nonlinear soil behavior, have shown reasonable agreements with field observations in 
some cases [1]. 

1-D method is most widely used in ground response analysis because it is more practical to be used for 
quantitative analyses compared with 2-D and 3-D methods. Therefore, most of current seismic codes were 
developed using this method such as UBC 1994, UBC 1997, and IBC 2000 [17-19]. The other two approaches (2-D 
or 3-D) are commonly employed to analyze special structures such as dams, high-rise buildings, and nuclear power 
plants. In this study, the ground response analyses are carried out assuming 1-D shear wave propagation. 
 
2.1. Soil Modeling 

The ground response analysis should take account of the nonlinearity of soil material to provide reasonable 
results. There are two approaches to consider the nonlinear behavior of the soil material: equivalent linear and 
nonlinear methods. The equivalent linear approach is incapable of taking account of changes in soil stiffness which 
practically occurs during the earthquake due to large displacements. In equivalent linear models the strain always 
returns to zero after a cyclic loading, and failure will not occur since a linear material has no limiting strength. The 
nonlinearity of soil is taken into account by determining the values that are consistent with the level of strain 
induced in each layer. The equivalent linear approach and 1-D ground response analysis have been coded into 
widely used computer programs such as SHAKE and EERA. The equivalent linear approach is incapable of 
representing the changes in soil stiffness that actually occurs during the earthquake. Furthermore, this method may 
not be employed directly for problems in which permanent deformation or failure is likely to happen. On the other 
hand the nonlinear method has a number of advantages [1]:  
(1) The stiffness of a real soil layer usually varies over the duration of large earthquakes; and therefore high levels of 
amplification emerging in equivalent linear approach, will not actually develop in the field. 
(2) Nonlinear method can be formulated in terms of effective stresses to allow modeling of the generation, 
redistribution, and dissipation of excess pore pressure during and after the earthquake. 
In current study, the ground response analyses were performed using nonlinear approach. The analyses were carried 
out using the program NERA [16], which stands for Nonlinear Earthquake Response Analysis. NERA is a computer 
code utilizing FORTRAN 90 and Excel Visual Basic programming to implement the NLM. NERA uses the model 
proposed by Iwan [20] and Mroz [21] to model nonlinear stress-strain curve of soil. Iwan-Mroz (IM) model consists 
of a set of sliding springs of varying stiffness to model hysteretic stress-strain behavior with regard to Masing rules. 
The parameters of IM model are selected so that the model duplicates typical shear modulus degradation curves used 
in ELM. Moreover, NERA uses a finite difference formulation to solve wave propagation equations in the time 
domain. 
Ground response analysis requires some dynamic properties of the soil such as maximum shear modulus, Gmax, shear 
wave velocity, VS, and damping ratio, β. These parameters can be measured directly from field dynamic tests or 
determined indirectly from static field tests using empirical formulae. 
 

3. METHODOLOGY 
 

In order to train ANFIS models first a data set consisted of several individual training pairs should be 
collected. As mentioned earlier the nonlinear-based software NERA was employed to generate such a data set. The 
inputs of NERA (and consequently the inputs of the ANFIS models) are total unit weight, shear wave velocity and 
thickness of the soil layer as well as the frequency of base motion. In order to generate a comprehensive data set we 

3840  



J. Basic. Appl. Sci. Res., 2(4)3839-3843, 2012 

considered a wide range of variations for above-mentioned parameters according to practical limits. These limits are 
15 to 21 kN/m3 for total unit weight, 100 to 1500 for shear wave velocity, 10 to 50 m for the thickness of soil layer 
and 2 to 106 for the frequency of base seismic motion.  
Two different training techniques are chosen. These are traditional grid partitioning, Model I, and subtractive 
clustering, Model II. The membership function assigned were trapezoidal and Gaussian type for Model I and Model 
II respectively. For optimizing the parameters, the hybrid learning algorithm is used for both models which results in 
a fast identification of parameters and substantially reduces the time needed to reach convergence. Moreover, the 
minimum validation error is applied as the stopping criterion to avoid over fitting. In subtractive algorithm (Model 
II) the radius of influence and squash factor were selected as 0.5 and 1.2 respectively. Schematic of membership 
functions of input variables of Models I and II are illustrated in Figs 1 and 2  

 
Fig 1. Typical membership functions for inputs of Model I (trapezoidal) 

 
Fig 2. Typical membership functions for inputs of Model II (Gaussian) 

 
After constructing two ANFIS models with the aforementioned architecture, we compared their predictions 

with the commercial software SHAKE to validate their applicability. Fig 3 presents outputs of the two proposed 
models versus those of SHAKE. As shown in this figure the model trained with subtractive clustering predicts the 
relative ground displacement precisely and can be advised for quick assessment of nonlinear ground response. Due 
to its high adaptability, ANFIS models may be also used for further applications in this area and this is one of the 
main advantages of the models proposed herein.  
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Fig. 3.  Outputs of the two ANFIS models versus SHAKE’s outputs 

 
4. Conclusions 
 

In current paper we studied the nonlinear response of ground to a base seismic motion using adaptive neuro 
fuzzy inference systems (ANFIS). Two training methods were adopted: grid partitioning and subtractive clustering. 
Data required to train fuzzy models were generated using NERA (a computer code to perform nonlinear analyses of 
ground seismic response). Comparing the results of these to ANFIS models with outputs of SHAKE showed that 
they both present reasonable results. Furthermore, the model trained by subtractive clustering offers high accuracy 
compared with the other model. This study revealed that ANFIS models are appropriate frame work to deal with the 
problem of nonlinear ground response to earthquake-induced motions. It is to be mentioned that some other 
methods, including finite element method, FEM, have been proposed before to predict this response when soil 
material behave nonlinearly. The method introduce herein, however, offers ease of use as well as high accuracy 
simultaneously. Moreover, such models may be trained on experimental data to achieve more legitimate results from 
practical point of view.   
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