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ABSTRACT

The phenomenon of liquefaction is usually caused by dynamic factors where
there is a mass of saturated soil sand. In order to prevent probable destruction of
structures in such areas, prediction of liquefaction potential seems to be
necessary. For the purpose of data collection, we need to sound boreholes and
carry out many experiments, each of which requires expenditure of time and
money. Therefore, prediction of liquefaction by using the existing data in
sounding leads us to decreasing costs and efficiency programming and choosing
sufficient area for our construction.

Neural networks are intelligent systems that use specific processing
characteristics of the brain such as: learning examples, ignoring errors in the
data, and their parallel processing —these are not possible through current
programming methods. The present study attempts to predict the potential of
liquefaction through neural network approach by using data from sounding in the
southeast part of Tehran.

It is an area with 30 km2 and a high level of underground water. The neural
network in question, having one hidden layer, is trained and tested by some new
data, based on standard penetration test, in order to ensure the efficiency
operation of the network. After all, the result of neural network method can be
compared with the result of Seed method for predicting liquefaction and was
shown that the neural network method could predict with 92 percent accuracy in
the southeast area of Tehran.

KEYWORDS: Liquefaction — Neural networks — Standard Penetration test —
Saturated sand — Southeast part of Tehran.

INTRODUCTION

Today earthquake is considered as one of natural hazard, cause a lot of damages of financial and
life. In contrast to mentioned opinions, it is believed that earthquake is not just a catastrophe but a
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necessary phenomenon. It helps to release the packed huge energy under the shell of the earth,
making the internal calm mass and stability of it possible. In fact, earthquake is as natural as
cyclic return of the seasons and it is obvious that if the humans did not prepare the problems of
winter and its chilling weather, each return of it would be considered annual hazard.

The location of Iran in terms of earthquake, which is one of the seismic zones of the world and the
possibility of destructive earthquakes in all parts of this country make the knowledge of seismic
nature of this land highly important. Iran is a seismic country and located on one of two major
seismic belts, called Alp that happen a lot of heavy earthquakes. The reason for this phenomenon
lies in the bed of oceans, indicating the movement of India semi — continent towards Asia and
Europe continents.

The big earthquakes such as Tehran (1962), Khorasan (1968), Isfahan (1977), Kerman (1981),
Roodbar (1997), Birjand (1997), Bam (2003) and Zarand (2004) , the heaviest one was 7/1 in
Richter magnitude, confirm this fact.

Surface effects of any earthquake are revealed by damaging structures, movement of the earth
shell, and failure of slopes, soil liquefaction or settlement. In this case of earthquake and in
accordance with the conditions region soil, liquefaction can be one of factors which damage or
destroy those structures built on the loose and saturated deposits. The phenomenon of liquefaction
can be explained as follow:

Liquefaction refers to the response of soil against dynamic loads or transitional shearing waves
and then decrease part or all of resistance of the soil and the soil becomes liquefy. This
phenomenon essentially relates to the saturated sand soil without any cohesion. The process is as
follows:

A mass of saturated sand soil, which was imposed by seismic vibrations, tends to decrease in
volume. If drainage conditions are not met or the velocity of drainage is low, this intention would
be accompanied with increased pore water pressure, being transferred to the pore water from the
skeleton of soil and then pore water pressure will gradually equal total stress (o), equation (1).

c’=oc-U @

Then, the value of effective stress (c’) becomes zero and consequently shear strength (1)
approaches zero, equation (2). In such a case, the saturated sand functions as a liquid and can not
bear any shear strength and finally sand will flow.

T=0¢-.tan ¢ 2

When liquefaction happens, Loading Capacity of soil greatly decreases and causes to collapse or
incline the buildings. It is seen some of this phenomenon in earthquakes of Alaska (1964), Japan
(1964), chili (1960) and Roodbar (1990).

EFFECTIVE FACTORS IN LIQUEFACTION

Factors that can potentially produce the phenomenon of the liquefaction in soil are as follow:

A) Grading: sands and silty sands are among the most potential sediments, especially, when their
grading are very weak. Quantity of sand materials (finer than 0/005mm) must not be more than
20%. So, when F.C (fine percentage) screened with screen no.400 is 20 —30%, the resistance of
liquefaction would be the minimum level.

B) Conditions of underground water: Sediments are sensitive to liquefaction which are below
the level of water and should be saturated till they could not drain well.

C) Density: one of the most important factors while study of liquefaction is density. Generally, it
is obviously seen the effect of density on the behaviors of dense and weak sands. The reason is
with decreasing or increasing the density of materials, the total stress and effective stress decrease
or increase with the same rate.

D) Over consolidation ratio (OCR): affects the amount of cyclic stress to produce pore water
pressure. In an obvious density, the sample having higher OCR shows more resistance to
liquefaction.



E) Epicenter distance and Magnitude of earthquake: Field studies after earthquakes show that the
effects of liquefaction are limited to the regions that are located in a specific distance from the
source of earthquakes. This distance greatly increases with increasing in magnitude of earthquake
and frequency time.

F) In addition to the mentioned factors, some other factors such as age of sediments, cementation,
loading, shape of particles and overburden pressure are involved in the phenomenon of
liquefaction.

GEOLOGY OF TEHRAN REGION

Tehran region is located on the southern mountainside of Alborz Mountains and on the quaternary
deposits and is the most northern collapse in the central flat of Iran. Alborz Mountains include
some east-west folds, moving out from the central axle of Alborz over each other and intensity of
deformation in both borders of the north and the south are the highest amount. This situation has
resulted in moving the northern border over the Caspian plain because of Caspian fault and in
moving the southern border over the Tehran plain because of Tehran fault.

Properties of the features formation of Tehran region are the huge and sudden difference of
height between Tehran city (average height of 1300 m) and the nearest small peak of mountain in
distance less than 40 Km (Tuchal with height of 3960 m). Tehran Plain has North-to-south slope
that is divided by east-west relieves in different parts of Alborz mountain, Alborz border Fold and
the domain of Tehran mountain piedmont and Tehran-Rey. Tehran alluvial sediments comprise of
fine to coarse aggregate with the origin of flood, river and sometimes, glacier. Additionally, some
factors such as iterance of sewage of Tehran city to the soil make the geology of this region very
important.

Alluvial sediments of the south of Alborz are fissility, stretched from the Northern west to the
Eastern South that generally they are located over an impermeable of Marni deposit bed. In
general, alluvial deposits are categorized to five classes whose regions are shown in Figure 1.

1) Alluvium A: alluvial formation of Hezar Dareh.

2) Alluvium B: heterogeneous alluvial formation of the North of Tehran and clayey silt in
Kahrizak.

3) Alluvium C: alluvial formation of Tehran.

4) Alluvium D: present alluvium.

5) Alluvium formation leveled with Khoram Abad sediment in the west of Eyvanaki.

Among them, the alluvium (C) is located in the eastern south part of Tehran, being considerable in
terms of liquefaction. Tehran alluvial formation has alluvium fan shape in near of the
mountainside and changes into silty sand layers with low slope in the south. In the hills located in
the domains of Alborz, these deposits are homogenous and include cobble, gravel and sand. But,
as we go more toward the south of region, the magnitude of these elements decrease until they
become as silty sand in the southern part of Tehran. In this part, deposits are not hard and layer
patterns are seen among them. These layers of this formation are horizontal and they did not
tolerate the process of mountain birth.

Generally speaking, the alluvium (C) are homogenous and because of weak matrix, big grading in
the northern parts and the existence of rivers, this region is one of the most suitable points to
reserve underground waters and to extract water . As we go more towards the south, the
underground water level is close to the surface because of decreasing in the height of plain.

Based on the researches done by Iran seismology Institute and on the previous earthquakes, some
maps have drowned that show different parts of Iran about the importance and the magnitude of
the earthquake. Some samples of those maps are shown in the figure (2). Referring to this figure,
it is seen that Tehran is located in the red zone, means high risk for earthquake. Therefore, the
maximum acceleration for these regions is 35% based on the Iran Seismic Regulation (2800).
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Figure 2: Map of earthquake risk in Iran

DETERMINATION OF LIQUEFACTION
PREDICTION

One of the suitable methods to determine this possibility is always to study the regions already
experiencing the phenomenon of liquefaction. This method is based on the field studies in those
regions and applying some features of the soil to determine the possibility of liquefaction. Some
experiments like it were first done by Koi Zumi & Kishida (1966) about the Nigata earthquake in
1964.

The present methods are usually based on the evaluation of strain or stress conditions in the soil
and they have been compared with the laboratory results. Cyclic stress ratio (CSR) is one of the
guantities used for describing characteristic of sand liquefaction in seismic conditions. This ratio
is obtained by a simple technique discussed by Seed & Edriss (1971) to determine a relation



between the maximum acceleration resulting from the earthquake and compactness in a sand layer
for the essential condition of liquefaction. CRS is the ratio between average cyclic stress —created
by seismic loading in different depth —and vertical effective stress —imposed to layer of soil before
earthquake. As we see in equation (3), the cyclic stress ratio is partly dependent on the
guantitative parameters. This feature makes this formula attractive for engineers.
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Seed & est. have produced the diagram of figure (3) for silty sand by the correlation between
average of cyclic shear strength and the corrected standard penetration resistance that are
separated liquefy or non-liquefy parts. For a layer, if the determined spot is located on the left of
the curve, the liquefaction possibly happens and if it is located on the right, this possibility does

not exist.
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Figure 3: Relationship between Cyclic Stress Ratio & N (M= 7.5)

ARTIFICIAL NEURAL NETWORK

Acrtificial neural networks are built on the basis of the biological system of human nervous system.
In fact, human brain has a data processing system that appears to work like a parallel and non-
linear structure. The function of an artificial neural network is the same of human brain in two

aspects:
1) The environmental data are transferred via education process to the neural network.

2) These data are stored via joint quantities known as weight.

Benefiting from certain characteristics of human brain data processing, which are out of reach of
the conventional programming methods, is one of the several factors resulting in the increasing
desire to use solutions for problems with erroneous inputs, retrieving time dependent solutions for
problems with variable initial conditions, quick data processing, and invention of computers
capable of dealing with the large amount of calculations for network training. Thus, in this paper,
neural networks will be trained by using the result of Statistica software and the network can

predict liquefaction in sand soil of south-east part of Tehran that is able to liquefy.



Training Artificial Neural Network

The preparation neural network consists of two stages: train and test. Firstly, neural networks
Learn the relationship between input-output from an educational group, then are tested against an
educational group which not given the network during the training to measured the generalization
capability of the network, the power of trained network and understanding of input-output
relationship. Education will be repeated by adjustment of parameters until logical and right
outputs are produced by appropriate inputs.

Selecting data for training the neural networks is one of the most important steps for developing
the neural network. Neural networks are powerful in interpolation against of extrapolation. So, the
selection of training data is important because it should cover all aspects of the problem. The other
point in the input of information to network is ignorance of law or a specific sort because random
delivery of information leads to better training power and thus, neural network do better function.
If input data is sorted, it will be possible that neural network will not learn the data and just will
store them. This state is not desirable and the network loses its learning power.

Boreholes Data and Zone Research
Since the aim is to determine the liquefaction in the sand soil of south east of Tehran, we need the
existing information from the boreholes in this region. With reference to borehole sheets,
generally, such information as soil grading, the classifications and complementary tests at the
same time of digging borehole, such as standard penetration test, density of layers, natural
humidity percentage, grading, fine percentage, underground water level and est. are performed.
Zone research has selected in the southeast part of Tehran, an area of 30 square kilometer. Zone
was limited between Shariati ave. to Navab ave. at east-west direction and Enghlab ave. to Be sat
high way in the north of Ghale Morghi airport at north-south direction.
After that, by separation of boreholes in this zone research and based on the essential conditions
such as the existence of saturated sand layers, 65 boreholes were finally selected. The depth of
boreholes were from10 to 35 (m) and the depth of underground water were from 7.80 to 21.60
(m). After reviewing data, it was distinguished that 65 boreholes deserve initial conditions of
liquefaction. Then 181 patterns were prepared for using in neural network training. These patterns
were used for earthquake magnitude of 6.5, 7 and 7.5 on Richter scale. Thus, we will have 543
patterns out which 343 are for training and 200 are for testing.

Training Algorithm and Select the Effective Parameters
The main method, which is used for training network, is called training algorithm whose function
is to adjust the weight of neurons. The input parameters, which are chosen for training of artificial
neural network, relate directly to the approach used for determining liquefaction. Regarding the
information in the method of seed and Eddies, 8 Parameters used in the input for the training
neural network are categorized in to 2 main groups as dynamic and soil parameters:

{ Earthquake magnitude (M): showing the released energy of the

Dynamic earthquake.
parameters Maximum Acceleration (amax): showing the maximum force of the
earthquake.
r Fine Content (Fc): showing the quantities of
Soil features Clay Content (C): showing the quantity of clay
sgrlzlzlme Total stress (0 )
ters { Depth and stress Effective stress (0)

situation . .
Shear reduction factor (rg): showing the depth of




SPT { Numbers of standard penetration test.

As seen, total and effective stress, maximum acceleration, earthquake magnitude, factor of depth,
fine content, and SPT are the essential components of the liquefaction calculation. Other factors
such as: the level of underground water or the density of soil is active in an indirect way.

In this paper, based on many different approaches anticipated in Statistica software, the optimal
networks were designed using existing data. For choosing training algorithm, the abilities of
networks were compared to each other, and the results of these trainings are presented in tables (1)
to (3). Root mean square error is to assess the rate of learning in a neural network. It is used to
obtain the existing error between the network outputs and the desirable outputs.

Table 1: Comparison among results of networks with different algorithms

Testing error Training error Error Trainina alaorithm

(%) (%) function galg

21 18 Logistic Quick propagation
Tan. . .

25.2 24 hyperbolic Quick propagation

18.2 16 Logistic Back propagation
Tan. .

26.4 25 hyperbolic Back propagation

23 21 Logistic Marg-Levenberg
Tan.

21 28 hyperbolic Marg-Levenberg

According to table (1), back propagation method is included the best results among the other
methods.

Table 2: Comparison among results of hidden layers and hidden neurons

M
Testing Training No. hidden N.O' °
hidden d
error (%) error (%) neuron |
ayer e
I
14.3 13 6 1 A
1
15.7 13.2 7 1 A
2
13 12 8 1 A
3
12.2 9.3 9 1 A
4
14.3 9.7 10 1 A
5

Based on existing experience and according to table (2), network (A;), which has one hidden layer
and 9 hidden neurons, is suitable for training.

Table 3: Comparison among training results based on error functions and epochs



Testing Training error E Error Error Error M

arrar (0/4) (0~ n fiinctin finctin fiinet fa)
1

13.4 11 6 Linear Logisti Line B
5 c ar 1
0
2

12.2 9.9 L Linear Logist Logi B
0 c stic 2
0
2

12 91 4 Logisti Logisti Line B
0 C C ar 3
0
2

- Tan. .

16.2 14 6 Logisti hyperb Line B

5 c . ar 4
olic
0
2
- Tan. .

14.7 13 2 Logisti hyperb Logi B
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Finally, the neural network designing has an algorithm whose characteristics are presented in table

(4).Also, algorithm structure and network training error graph are shown in figure (4) and (5).

Table 4: Characteristic of the best neural network
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Figure 4: Algorithm of neural network designing
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Figure 5: Network training error graph
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Investigation of Neural Network Efficiency

At the end of the training process, it comes to controlling the network operation with new data

(generalization ability). For this purpose, the data collection of 4 boreholes that were not used in
training of neural network was chosen. Prediction of liquefaction in each of these 4 boreholes was
compared with Seed method by using trained neural network, and error values calculated are
presented in figures.

A. First selected sample
The first selected sample is located on the near of the Mesbah alley and Sa’adi street conjunction

in the northeast of plan region. The depth of borehole is 14 (m) and the level of underground
water is 11 (m). The extraction features of this borehole are shown in Table (5).

Table 5. Log of first selected sample

S Satur Clay Fine Cla De G.
P ated Dens Cont Cont ssif pth W.
3 - 1.73 %19 >%5 CL 2

2 - 1.70 %19 >05 CL 4

4 - 1.76 %19 >05 CL 6

3 - 1.74 %19 >005 CL 8

3 - 1.83 %6 %31 SC 10 N
1 1.84 1.54 %7 %24 SC 12

2 1.87 1.61 %7 %21 SC 14
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Figure 6. Comparison of network and Seed results for first sample (M= 6.5)
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Figure 7: Comparison of network and Seed results for first sample (M= 7.0)
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Figure 8: Comparison of network and Seed results for first sample (M= 7.5)

Based on figures (6) to (8), it is noted that the neural network in the condition of M= 6.5, there is
no sign of liquefaction that is confirmed by Seed method. Cause of existing of weak layer in the
depth of 12 (m), the liquefaction has happened and so, The network was able to predict this
guestion with the error less than 2.6 %. Interesting thing in the log of borehole is the existence of
proper conditions for liquefaction in depth of 12(m). The most important condition is low SPT
indicating the loose layer and so the fine content.

B: Second selected sample

The second selected sample is near to the Dampezehki and Ghaser-o-Dosht Street in the northwest
of plan region. The depth of this borehole is 20 (m) and the level of underground water was
13(m). The features of this borehole are shown in Table (6).

Table 6: Log of second selected sample

S Satur Clay Fine C D G
P ated Dens Cont Cont I ep

3 - 1.59 %22 %55 M 2

4 - 1.84 %5 %19 S 4

5 - 1.87 %7 %17 S 6

5 - 1.92 %10 %16 S 8

1 - 1.65 %10 %16 S 10

1 - 1.74 %17 %52 M 12 N
2 1.86 1.68 %15 %28 S 14

1 1.79 1.47 %9 %21 S 16

1 1.80 1.49 %8 %20 S 18

2 1.86 1.68 %3 %9 S 20
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Figure 10: Comparison of network and Seed results for second sample (M= 7.0)
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Figure 11: Comparison of network and Seed results for second sample (M= 7.5)

As we can see from table (6), a saturated loose layer is in the depth of 16. This layer is so loose
that an earthquake with magnitude of 6.5 can liquefy it. Also, the conditions of fine and clay
content intensify the possibility. In M= 7 & 7.5, this layer liquefy, but shows some resistance
because the increasing of depth and the number of SPT in the next layers. In this sample, the

neural network was able to evaluate the possibility of liquefaction with 3% error. .

C: Third selected sample
The location of Third selected sample was nearly in the center of the plan and in the vicinity of the
Amiriyeh. The depth of this borehole is 23 (m) and the level of underground water is 17 (m).

Other specifications were registered in table (7).

Table 7. Log of third selected sample

—HCOUD  —QrDMDD AN

S Satur Dens Clay Fine Cla De G.
p ated itv Cont Cont ssif nth W
5 - 2.02 %7 %15 SM 2
3 - 1.76 %28 %65 M 4
2 - 1.62 %9 %16 SM 6
2 - 1.61 %9 %11 SM 8
2 - 1.62 %4 %9 SM 11
3 - 1.74 %6 %9 SP- 13
2 - 1.58 %24 %5 M 15
1 1.80 1.49 %11 %17 SM 17 Nz
1 1.86 1.52 %8 %19 SP- 19
1 1.86 1.52 %8 %10 SP- 21
1 1.87 1.54 %4 %9 SP- 23
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Figure 12: Comparison of network & Seed results for third sample (M= 6.5)
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Figurel3. Comparison of network and Seed results for third sample (M=7.0)
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Figure 14: Comparison of network and Seed results for third sample (M= 7.5)

As we can see in the f of (12) to (14), in this log of borehole, no layer liquefied in the earthquake
with magnitude of 7.5 and less than it. If we pay attention to the table (7), we can understand that
the percentage of fine and clay in depth of 17 to 23 limited in the critical boundary, But by
increasing in depth and strength of the layers, shear stress produce by earthquake, is not so great
to liquefy sand layers. In this sample, neural network can estimate the potential of liquefaction
with 2 .8 % errors.

D: Forth selected sample:



This sample is in the southeast of the plan and in the Baharan Park. The depth of this borehole is

16 (m) and the level of underground water is 8 (m). Table (8) shows the specifications of sand

layers.
Table 7: Log of forth selected sample

S Satur Dens Clay Fine Cla De G.
P ated ity Cont Cont ssif pth W.
4 - 2.06 %6 %17 C 2
3 - 1.79 %24 %58 M 4
2 - 1.64 %7 %14 SM 6
1] 184 1.59 %7 %14 SM 8 AV4
1 1.84 154 %6 %8 SP- 10
1 1.86 161 %4 %9 SP- 12
2 1.87 1.61 %4 %10 SP- 14
2 1.87 1.61 %4 %10 SP- 16

Referring to diagrams (15) to (17), the sample with M=6.5 and in the depth of 10 (m) and so,
with M= 7&7.5 and in the depth of 10 to 16 (m), is liquefied. The reason is attributed to the high

level of water, critical status of clay and fine content and SPT. As it is seen, the neural network
can recognize the liquefied layers well and the error is nearly 2.6%.
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Figure 15: Comparison of network and Seed results for third sample (M= 6.5)
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Figure 16: Comparison of network and Seed results for third sample (M= 7.0)
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Figure 17: Comparison of network and Seed results for third sample (M= 7.5)

CONCLUSION

Based on the obtained results and observations and considering that the boreholes were not
presented to the network in the training process, it can be stated that:

Processing in this paper for finding the optimum neural network can be used for modeling
problems related to liquefaction and algorithm designed can be used for the other area with having
new data.

Based on these results, the phenomenon of liquefaction must be investigated for bed soil of
structures in the southeast of Tehran in earthquake magnitude of 7 and more in Richter scale.



This network is able to predict liquefaction potential in sand soils with 92 percent accuracy based
on Seed method.

~
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