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1. Introduction

During several past decades, many researchers have conducted studies to develop the relationship between
liquefaction resistance and seismic parameters of various soils. One of the methods to assess liquefaction which
is widely used is the stress-based method, which was presented for the first time by Seed and Idriss (1971)
and Whitman (1971). That is an experimental method and is based on experimental and local observations.

Anyway, the relationships developed by the use of the traditional method based on experimental data are
limited and don’t provide a proper and stable prediction, they also don't show major weaknesses in
mathematical relations, complete structure and heterogeneous space of soil and liquefaction, while soils have
quite complicated structures, there is simpler methods of examination that allow unlimited development of a
model for all systems, such as genetic programming (GP), artificial neural networks (ANNS) and Neuro-fuzzy
inference system (ANFIS) (Shahin et al., 2003). In this study, using fuzzy clustering, it has been initially tried to
divide data to groups whose members are similar and have relatively same properties. So data with similar
geotechnical and seismic properties can be placed in a cluster and hence, a closer study of the data to better
understand the factors affecting soil liquefaction can be possible. Next, a model was presented for time
estimation of the soil liquefaction probability using the method of genetic programming. Finally, considering
the results of the conducted clustering and the study of data in each cluster, the sensitivity of parameters
affecting soil liquefaction and their relative importance were analyzed using nonlinear methods.

2. Methodology
2. 1. Clustering

Clustering is one of the branches of learning without supervision and it is an automated process during
which the data is divided into groups whose members are similar and have the same properties. Each of these
specific categories or groups is called a cluster. Then, a cluster is a collection of data and information where the
members of the group have similar properties and are dissimilar with the samples in other clusters.

2. 1. 1. Fuzzy C-Mean clustering algorithm

The method of C-Mean is one of the most popular methods of fuzzy clustering algorithm and information
exploration which was represented initially by Duun (1973) and then using the theories, it was turned into its
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present state (Dunn, 1973, Bezdek, 1981. Bezdek and Hathaway, 1988).The main concept of the cluster has
been defined by Ruspini (1969) in some relations (Bezdek, 1981).

2. 2. Genetic Programming

Genetic programming (GP) is an educational structure inspired by biology to analyze statistical data and
recognition pattern. GP has been used very successfully to solve the various kinds of complicated issues of
Geotechnical engineering. Some of them include: prediction of liquefaction which results in horizontal
displacement, settlement of deep foundations and the Vmax / amax ratio for strong ground motions (Javadi et al.,
2006, Rezania and Javadi, 2007. Jafarian et al., 2010). Koza (1992) introduced this method as an effective
method for the first time, which is a branch of typical genetic algorithms (GA), developed by Holand (1975)
(Holland, 1975. Gandomi and Alavi, 2011).

2. 3. Sensitivity analysis with Lingo

One of the issues that are considered in optimization problems is the analysis of sensitivity of target function
or output at the optimal point with regard to the input parameters. Since the input parameters are considered
in the same condition and are modeled without any presumption concerning a parameter, then the sensitivity
analysis must be done with respect to all parameters, which is conducted by Lingo software (it has been
developed in the section of the range which can be done easily).

3. Results and Discussion
3. 1. Fuzzy clustering analysis

Information obtained from the occurred liquefaction was analyzed considering the parameters which affect
the liquefaction and the relationships between these parameters in the fuzzy clustering model. Among them,
three groups with three, five and seven clusters have been studied, which the obtained results show that the
groups with five and seven clusters have led to the placement of similar and same cases in separate clusters
due to the separation of slipping cases into multiple clusters, and therefore they have not provided an
appropriate separation for parameters with different intervals and have caused that some clusters have similar
classifications.

So, only the group with three clusters involved enough accuracy and was suitable for clustering. As shown
in table (2), in this group, liquefaction data has been placed with appropriate separation in the three given
clusters. In these three clusters, the data has almost separately been placed in three different intervals.

3. 2. Modeling of the time estimation of liquefaction using genetic programming

Using data obtained from earthquakes that have occurred in different regions of the world, which involve
all parameters needed for the time estimation of soil liquefaction and by knowing soil liquefaction and non-
liquefaction with given properties, we have presented a model for the time estimation of soil liquefaction by
the genetic programming.

This time estimation function (y) has been developed as follows:

y = (((8:2371 x (N_1 (60)) + (V(R x M)))) + ((3.4495 x (a_max)) x (log(Critical Depth))) + ((2.9473
X (In(FC(%)))) % (5.3279 X (Ino x Ina""))) + (N1 (60) X FC(%)) + (R*2)) + ((3.4495
X (a_max)) x (M)))

The answers that are the numbers between zero and one (zero for the data in which liquefaction has not
occurred, 1 for the data in which liquefaction has occurred) are obtained by the presented model and are
compared with the real data which are available about the occurrence or non-occurrence of liquefaction.
94.77% of the stimation conducted by the model were correct and the answers were consistent with the reality,
which can be said that it has provided an appropriate percentage for estimation.

Time estimation of liquefaction has been done to compare better and to show the appropriate amount of
the prediction percentage of the model provided by GP and the previous data tested by experimental method
which is accepted by all engineers and researchers (the method of Seed and Idriss, 1971). The answers
obtained from this method in comparison with reality have shown proper prediction for only 80% of the data.
Using Fscore, the results of the experimental method have been compared with the model of Hana et al. (2006)
which was available.
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Table 1. Comparison of the models' results using Fscore

Fscore

The results obtained from the experimental method of Seed and Idriss 0.88
The results obtained from the model of Hana et al 0.976

The results obtained from the model provided by GP 0.982

3. 3. Analysis of the Parameters Sensitivity

Using the results obtained from the nonlinear method by Lingo, which is a comprehensive software
designed for easier and high quality development and solving the mathematical optimization models, it has
been tried to analyze sensitivity on the model presented by genetic programming and the percentage of
internal sensitivity of parameters has been displayed in the following bar graph.
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Fig 1. The study of parameters' sensitivity

4., Conclusion and Recommendations

According to available data and selected, involved parameters, dividing the data into three separate clusters
provided the best dividing with respect to the data separation and not placing data in repeated clusters with
similar properties. Totally, the present study introduces the GP method as an accurate and practical method
for modeling the time estimation of soil liquefaction. High accuracy of the results obtained from this method
on the one hand (94.77% of the estimation conducted by the method has been proper and the answers are
consistent with reality) and the simplicity of the use of the method and no need to high knowledge of the basic
mathematical principles of algorithms and genetic programming on the other hand approves the ability of the
method as an effective and quick instrument for predicting soil liquefaction.

Next, sensitivity analysis conducted on the model shows the high effectiveness of the parameters of the
corrected SPT number and maximum acceleration of earthquake, which can help to offer methods for
prevention of soil liquefaction by more attention to these two important parameters.

5. References

Dunn ], “A fuzzy relative of the Isodata process and its use in detecting compact, well-separated clusters”,
Journal of Cybernetics, 1973, 3 (3), pp. 32-57.

Gandomi AH, Alavi AH, “Multi-stage genetic programming: a new strategy to nonlinear system modeling”,
Information Sciences, 2011, 181 (23), 5227e5239.

Hanna Adel M et al, “Neural Network model for liquefaction potential in soil deposits using Turkey and Taiwan
earthquake data”, Soil Dynamics and Earthquake Engineering, 2006, 27,521-540.

Holland JH, “Adaption in Natural and Artificial Systems”, University of Michigan Press, Ann Arbor, 1975, 228pp.

Jafarian Y, Kermani E, Baziar MH, “Empirical predictive model for the Vmax/amax ratio of strong ground motions
using genetic programming”, Computers and Geosciences, 2011a, 36 (12),1523-1531.

Koza JR, “Genetic Programming: On the Programming of Computers by Means of Natural Selection”.MIT Press,
Cambridge, MA, 1992, 813pp.

Rezania M, Javadi A, “An ewgenetic programming model for predicting settlements of shallow foundations”,
Canadian Geotechnical Journal, 2017, 44 (12), 1462-1473.

Seed HB, Idriss IM, “Simplified Procedure for Evaluating Soil Liquefaction Potential”, Journal of the Soil
Mechanics and Foundations Division, 1971, 97(SM9), pp1249-1273.

Shahin MA, Maier HR, Jaksa MB, “Settlement prediction of shallow foundations on granular soils using B-spline
neuro fuzzy models", Computers and Geotechnics, 2003, 30, 637-647.

Tilitmez B, Tercan AE, "Spatial estimation of some mechanical properties of rocks by fuzzy modeling".
Computers and Geotechnics, 2007, 34, 10-18.

Whitman RV, “Resistance of Soil to Liquefaction and Settlement”, Soils and Foundations, 1971, 11 (4), pp 59-
68.



	Dr. Najafi
	Dr. Najafi 1
	Abstract Najafi



