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Abstract

Background: During an earthquake, significant damage can result due to instability of the soil in the area affected
by internal seismic waves. Liquefaction is known as one of the major causes of ground failure due to the
earthquake. Various procedures have been classified for assessing liquefaction phenomenon into two main groups,
including the deterministic and probabilistic approaches.

Results: Four deterministic methods and one probabilistic approach, which is a reliability procedure are considered for
assessing the liquefaction potential in Babol City. The main purpose of this comprehensive research is to evaluate the
liquefaction potential and to determine the validation and accuracy of the reliability approach. For this purpose, 60
boreholes including almost 600 field records in different parts of Babol City are analyzed and liquefaction and non-
liquefaction areas are identified. Microzonation maps are provided by result analysis of the deterministic and
probabilistic procedures. Finally, a 2D borderline, including (CSR) and (Nspt) is obtained by analyzing all data.

Conclusions: The present study illustrates that the evaluation of liquefaction potential by using reliability approach is
accurate and this procedure can be recognized as one of the best methods for assessing liquefaction. The map
obtained utilizing a reliability approach and the borderline provided in this study, can be utilized for recognizing
liquefaction and non-liquefaction areas based on different safety factor and probabilistic procedures.

Keywords: Liquefaction, Probabilistic, Deterministic approaches, Microzonation

Background
Loose sand and silt that is saturated with water can behave
like a liquid when shaken by an earthquake. (Seed and
Idriss 1971). Soil liquefaction describes a phenomenon
whereby a saturated or partially saturated soil substantially
loses strength and stiffness in response to an applied
stress, usually earthquake shaking or other sudden change
in stress condition, causing it to behave like a liquid.
(Kutanaei and Choobbasti 2015). On the basis of both the
field and laboratory types of soil behavior observations, at-
tempts are made to identifying the best methods for evalu-
ating the liquefaction potential of a particular soil. In the
literature, several simplified methods can be found, which
are useful in assessing the nonlinear liquefaction potential
of soil (Zhang and Goh 2016). Various procedures, known

as conventional methods, have been developed by utilizing
case studies and undisturbed soil samples (Rokni et al.
2017; Youd et al. 2001).
An important aspect of geotechnical engineering is the

estimation of liquefaction. There are several approaches
for determining of soil liquefaction. The cost of collecting
high quality undisturbed samples is considerably high and
the laboratory conditions cannot simulate the actual con-
ditions of the field; therefore, methods based on in-situ
tests, such as the Standard Penetration Test (SPT), the
Cone Penetration Test (CPT) and the Shear-wave Velocity
Test (Vs), are applied by geotechnical engineers to esti-
mate the soil liquefaction. Civil engineers usually make
use of a factor of safety (FS) to evaluate the safety of a
structure (Bolton Seed et al. 1985; Youd et al. 2001).
The safety factor is defined as the strength of a member

divided by the load applied to it. It is the requirement of
most designed codes that the calculated safety factor of a
member should be greater than a specified safety factor, a
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value at least larger than one, in order to ensure the safety
of the designed structure. Since the specified safety factor is
largely determined by experience; hence, there is no rational
way of determining such a factor. Since the safety factor-
based design method does not account for the variability of
the member strength or the applied loading, the probability
of failing structures cannot be known. Simplified procedures,
originally proposed by Seed (Seed and Idriss 1971), which
involved the standard penetration test (SPT) (Toshio Iwasaki
1986), are frequently used in evaluating the liquefaction po-
tential of soils. There are several revisions and updates of the
procedures because of its original development. The lique-
faction of soil is predicted to occur by using a deterministic
method if the factor of safety (FS), which is the ratio of the
cyclic resistance ratio (CRR) over cyclic stress ratio (CSR), is
less than or equal to one. No soil liquefaction is predicted if
(FS) >1. In the proposed method, a compilation of methods
based on outdoor and laboratory tests are used for liquefac-
tion potential (Rokni et al. 2017; Choobbasti (2015)).
Reliability calculations provide a means of evaluation

by combining the effects of uncertainties and provide a
logical framework for choosing appropriate factors of
safety for the degree of uncertainty and the conse-
quences of failure (Ishihara 1993; Choobbasti (2015)).
Thus, a reliability assessment of liquefaction potential
seems to be useful in making better engineering deci-
sions. Recently, Hwang (Hwang and Yang 2001) has
been conducted an analysis which quantified uncertain-
ties in the (CSR) and (CRR). In this analysis, the uncer-
tainties in the (CSR) and (CRR) are represented in terms
of corresponding probability density functions. The
probability density function (PDF) of (CSR) is obtained
based on a first order second moment (FOSM)
(Chameau and Clough 1983) method while the (PDF) of
(CRR) is obtained from the first derivative of the (CRR)
function, based on a logistic regression analysis of data
regarding earthquakes which occurred in the past. How-
ever, the (PDF) of (CRR) did not account for the uncer-
tainty in (SPT) resistance. Thus, it is necessary to use a
(PDF) of (CRR) which accounts for uncertainties in
(SPT) resistance, in order to quantify its effects on lique-
faction reliability. Since a variety of approaches provide
diverse results geotechnical data in this study are ana-
lyzed using 4 deterministic and one probabilistic
methods, in order to assess the liquefaction potential in
Babol and the results are presented by liquefaction
microzonation map and compared. The main purpose of
this study is to assess liquefaction potential and provide
some guidelines for liquefaction and no-liquefaction areas
of Babol City by different methods and finding the best
procedure for assessing liquefaction potential. The final
aim is providing a 2-D board line based on (CSR) and
(Nspt) parameters for recognizing the liquefaction and
mon-liquefaction areas.

Study area and geotechnical investigation
The structural of earth, especially the tectonic style, of
Iran was highly influenced by the development and his-
tory of the Tethyan region. The tectonic events, which
occurred around the Iranian Plate margins were related
to the rifting processes of Gondwana and the subsequent
collision with the Arabian plate from the west-
southwest. Fault areas were adjacent the Alborz and
Kopeh-Dagh regions to the north, the Makran and
Zagros ranges to the west and south, and the east
Iran ranges, which border this terrain to the east
(Farrokhzad et al. 2012).
Babol, a city of Mazandaran province in the northern

part of Iran, is considered as the study area in this
research. The city is located approximately 20 km south of
the Caspian Sea on the west bank of the river Babolrood
and receives abundant annual rainfall. The collected infor-
mation used in this research includes more than 60 bore-
holes drilled in the study area. Due to the large number of
boreholes and the considerable changes in the soil layers
observed during reviewing and studying the geological
structure, an area of 40 km2 that has the highest density of
data and similarity in the geological structure is selected at
Babol. The raw data taken from the 60 boreholes in the
selected ranges are used in this study, ranging from 2 to
20 m depths and their distribution is shown in Fig. 1.
Liquefaction is developed in loose sandy soils in satu-

rated condition. Almost all area of Babol city have loose
sandy soils and in saturated condition, because of Babol-
roud River. Hence to confront the effects of liquefaction
in Babol, recognition of liquefiable regions is very
requisite (Farrokhzad et al. 2012).

Methodology of deterministic approaches
First, approximately 600 SPT records were analyzed
using the Seed Method to assess the liquefaction poten-
tial in Babol. The first step in Seed procedure was calcu-
lating the cyclic stress ratio (CSR) at different depths
using the suggested formula.

CSRð ÞM¼7:5 ¼ 0:65
Amax

g

� �
σv
σ 0
v

� �
rd

MSF

� �
ð1Þ

In this study, (σv) and ( σ
0
v )σv are the totalσv’ and

effective vertical stress, respectively, and are calculated
at different depths. (Amax)amax is the peak horizontal
ground surface acceleration, which is 0.3 g for Babol,
this amount is achieved based on Iranian seismic design
code (2800 standard) for Babol City (No 2005), (g) is
gravity which is equal to 9.81 and (rd) is the stress
reduction factor obtained for each depth (Idriss and
Boulanger 2006; Yaghmaei-Sabegh and Mohammad-
Alizadeh 2012).
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The values of CSR calculated using Eq. (1) pertain to
the equivalent uniform shear stress induced by the
earthquake ground motions generated by an earthquake
having a moment magnitude M. It has been customary

to adjust the values of CSR calculated by Eq. (1) so that
the adjusted values of CSR would pertain to the equiva-
lent uniform shear stress induced by the earthquake
ground motions generated by an earthquake having a

Fig. 1 Location of some boreholes in Babol city
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moment magnitude M = 7.5, i.e., CSR7.5 (Idriss and Bou-
langer 2006).
Thereafter, the cyclic resistance ratio (CRR), which is

the capacity of soil to resist liquefaction is obtained
using the corrected blow count (N1)60 taken in the
laboratory for each bore log. CRR is calculated for soils
using (N1)60< 30 as:

CRR7:5 ¼ 1
34− N1ð Þ60

þ N1ð Þ60
135

þ 50

10 N1ð Þ60 þ 45
� �2 − 1

200

ð2Þ
In this formula, it is assumed that the soil had accept-

able density and is not prone to liquefaction. At (N1)60>
30, soils are categorized as non-liquefiable (Cetin and
Seed 2004). The soil is relatively fine-grained; thus, the
impact of the fines should be considered in Eq. (2) and
(N1)60should be changed to an equivalent clean sand
value (N1)60cs(Liao and Whitman 1986).

N1ð Þ60CS ¼ aþ b N1ð Þ60 ð3Þ

The factor of safety versus liquefaction is obtained for
each record. The liquefaction and non-liquefaction re-
gions are divided into an area where liquefaction is pre-
dicted to occur (FS < 1) and no liquefaction is predicted
to occur (FS > 1) (Cetin et al. 2004).
All SPT records are analyzed using the method based on

the Technical Specifications of the Highway Japan to
recognize liquefiable and non-liquefiable segments, as well.
There are some similarities between this method and the
Seed Approach, in terms of assessing liquefaction potential.
The safety of a factor must be calculated for both proce-
dures. A combination of outdoor test methods is used to
estimate the potential of liquefaction. The first step is to
survey the following vital criteria for evaluating liquefaction
potential in Babol: water table ≤10 m, depth of layer
susceptible to liquefaction ≤20 m, and diameter of gravel
soil at (D50) > 2 mm, (D50) < 10 mm, and (D10) < 1 mm
(Adalier and Elgamal 2004).
The next stage of assessing the liquefaction potential

involve calculation of (CSR) as expressed in the Seed
method. The liquefaction resistance (RL) is then calcu-
lated as proposed by the following formula (Bolton Seed
et al. 1985) and (RL) is obtained at different depths.

RL ¼ 0:0882
ffiffiffiffi
Na
1:7

p
0:0882

ffiffiffiffi
Na
1:7

p
�1:6�10−6 Na−14ð Þ4:5

	
Na > 14
Na > 14

ð4Þ

The safety of factor is calculated at different depths
and the soil is analyzed to identify the liquefiable and
non-liquefiable areas.
All SPT records are then analyzed to identify areas of

liquefaction and non-liquefaction based on Japanese
Standards, Overseas Coastal Area Development Institute of

Japan (OCDI). Unlike previous approaches, the main criter-
ion of this method is the possibility of liquefaction and a
definitive amount cannot be calculated (Bolton Seed et al.
1985). Through this method (N65) which is the equivalent
standard penetration test should be calculated using the pro-
posed equation, to predict liquefaction for records in Babol.

N65 ¼
N−0:019 σv0−65


 �
0:0041 σ 0

v−65

 �þ 1:0

ð5Þ

In this equation, (N65) is the equivalent N-value, (N) is
the N-value of the subsoil, and (σv0 ) is the effective over-
burden pressure of the subsoil (kN/m2) calculated in the
approach at different depths. In the following step, the
equivalent acceleration is calculated by using Eq. (6).
The equivalent N-value refers to the N-value corrected

for the effective overburden pressure of 65KN/m2. This
conversion reflects the practice that liquefaction predic-
tion is previously made on the basis of the N-value of a
soil layer near a groundwater surface.

Aeq ¼ 0:7
τmax

σ 0
v
g ð6Þ

The equivalent acceleration should be calculated using
Eq. (6) where (τmax) is the maximum shear stress (kN/
m2) and g is the gravitational acceleration. The soil layer
should be classified according to the ranges labeled I ~
IV in Fig. 2, using the equivalent N-value and the
equivalent acceleration of the soil layer.
Correction N-values and predictions should be done

when the fraction of fines content is relatively large. When
the fines content (grain size is 75 mm or less) is 5% or
greater, the equivalent N-value should be corrected before
applying in Fig. 2 Corrections of the equivalent N-value
are divided into the following three cases.
Case 1: when the plasticity index is less than 10 or cannot

be determined, or when the fines content is less than 15%.
The equivalent N-value (after correction) should be set

as(N)65/Cn. The compensation factor Cn is given in Fig. 3
The equivalent N-value (after correction) and the equiva-
lent acceleration are used to determine the range in Fig. 2.
Case 2: when the plasticity index is greater than 10 but

less than 20, and the fines content is 15% or higher, the
equivalent N-value (after correction) should be set as
both (N65)/0.5, and N + ΔN, and the range should be de-
termined according to the following situations, where
the value for ΔN is given by the following equation:

ΔN60 ¼ 8þ 0:45 Ip−10

 � ð7Þ

1) When N +ΔN falls within the range I, use range I.
2) When N +ΔN fall within the range II, uses range II.
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3) When N +ΔN falls within the range III or IV and
(N65)/0.5is within range I, II or III, use range III.

4) When N +ΔN falls within range III or IV and (N65)/
0.5 is within range IV, use range IV.

Here, the range III is used for the case 3, even when the
equivalent N-value (after correction) with (N65)/0.5 is in
the range I or II, because the results from the fines con-
tent correction are too conservative. The reason that the
range IV is not used for the case 3, even when range IV is
given by a correction N +ΔN, is that the reliability of the
plasticity index in the equation is low when the value is 10
~ 20. Therefore, judging the subsoil as the range IV “pos-
sibility of liquefaction is very low” is considered as risky.
Case 3: when the plasticity index is 20 or greater and

the fines content is 15% or higher.
The equivalent N-value (after correction) should be

set as N +ΔN. The range should be determined accord-
ing to the equivalent N-value (after correction) and the
equivalent acceleration.
The soil layer is categorized according to a diagram that

is divided into four segments (Zhang et al. 2015). Possibility
of liquefaction is very high, high, low and very low in

sections I, II, III, IV and V, respectively. A total of 50 dia-
grams are drawn for all bore logs and the liquefaction po-
tential is evaluated based on (Aeq) and (N65) for different
records.
All records are then analyzed using the Iwasaki method

(Iwasaki et al. 1984). (LPI) has already been suggested in
order to evaluate liquefaction potential. It can be said that
the severity of liquefaction is proportional to:
(1) thickness of the liquefied layer; (2) the proximity of

the liquefied layer to the surface; and (3) the amount by
which the factor of safety is less than 1.0, where (FS) is
the ratio of the soil capacity to resist liquefaction to seis-
mic demand which is imposed by the earthquake.

LPI ¼
Z x

0
Fw zð Þdz ð8Þ

F ¼ 1−FS→For→Fs≤1; F ¼ 0 →For FS≥1; w zð Þ ¼ 10−0:5z

ð9Þ
W zð Þ ¼ 10−0:5z for z < 20m;W zð Þ ¼ 0 for z > 20m ð10Þ

The weighting factor, (w (z)), as suggested by Iwasaki
et al. 1984 (Toshio Iwasaki et al. 1984), ranges from one

Fig. 3 Compensation factor of equivalent N-value corresponding to fine contents

Fig. 2 Classification of soil layer with equivalent N-value and equivalent acceleration
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at the surface to zero at 20 m (Toshio Iwasaki 1986).
(FS) which is safety factor as defined by Iwasaki (Iwasaki
et al. 1981) is straight forward from blow counts from
the standard penetration tests (SPT) and median grain
size when calculating the liquefaction resistance. (FS) is
utilized as defined in the Seed-Idriss simplified proced-
ure. The (LPI) index is calculated at different depths be-
tween 0 to 20 m and the liquefaction and non-
liquefaction areas are identified using the index. Iwasaki
(T Iwasaki et al. 1981) concluded that severe liquefaction
is likely at sites with (LPI)>15 and that severe liquefac-
tion is unlikely at sites with (LPI)<5. After analyzing all
records by this method, it is clear that most areas in
Babol can be classified as liquefied sections.

Methodology of reliability probabilistic model
Performance density function is recognized as one of the
major elements in reliability analysis. Some of the uncer-
tainty including errors due to data dispersion around the
mean measured and systematic errors in determining the
(CRR) and (CSR) are also considered in this method. (R)
which is cycle resistance ratio and (S) which is the cycle
stress ratio act as random variables which are normally dis-
tributed. Therefore, performance function can be defined as:

Z ¼ R–S ð11Þ
If (Z < 0) the performance density function is designated

as ‘failed’. If (Z > 0) the performance density function is
designated as a safe zone and liquefaction does not occur
in that area, and if (Z = 0) the performance state is desig-
nated as a ‘limit state’. The liquefaction probability is de-
fined as the probability that (Z〈0). However, an exact
evaluation of this probability is not an easy task. Indeed, it
is so tough to accurately determine the (PDFs) of random
variables such as (R) and (S) (Jha and Suzuki 2009). A
simplified calculation approach, the first order and second
moment method, have been improved to meet this need.
The method utilizes the statistics of the basic independent
random variables, such as (R) and (S). If the probability
density functions (PDF) and the cumulative distribution
function (CPF) of (Z) are defined as (fz (Z)) and (Fz (z)),
respectively, the liquefaction probability (PL) then equals
the probability of (Z〈0) (Sert et al. 2016). If the mean
values and standard deviations of (R) and (S) are (μR),
(μS), (σR), (σS) according to the first order and second
moment method, the mean, standard deviation and
coefficient of variance of the (Z) function can be ob-
tained by using the following equations.

δZ ¼ μZ
σZ

¼ μR−μSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2R þ σ2S

p →β ¼ 1
δz

¼ σZ
μz

ð12Þ

This index (β) is used to calculate the liquefaction
probability (PL) which can now be defined as:

PL ¼
Z 0

−∞
f z zð Þdz ¼

Z 0

−∞

1ffiffiffiffiffiffi
2π

p
σz

e−
1
2

z−μz
σzð Þ2dz ð13Þ

With new variable t = (Z − μz)/σz, one obtains:

PL ¼
Z −μz

δz

−∞

1ffiffiffiffiffiffi
2π

p e
−t2
2 dz ¼ ϕ −

μz
δz

� �
ð14Þ

In the aforementioned equation, (PL) represents failure
probability, (σz) represents the standard deviation, (μz)
represents the mean value, (β) represents the reliability
index and (Φ (β)) represents the cumulative probability
(Duncan 2000; Juang et al. 2000).
The reliability index (β) is defined as the inverse of the

coefficient of variation (δz), and is used in calculating the
reliability of the results of liquefaction assessment. It is
assumed that (R) and (S) are independent variables with
a normal distribution to display the process of reliability
analysis (Barratt and Day 2016). According to this as-
sumption, the performance function (Z) can be in a nor-
mal distribution of (Z∼ μz; δ

2
z


 �
). By placing the (PDF) of

(Z), the following formula is proposed for (P˪):

PL ¼ Φ −βð Þ ¼ 1−Φ βð Þ ð15Þ
A computer program is written in MATLAB environ-

ment to assess the liquefaction potential based on reli-
ability method for approximately 600 SPT field records
in the study area. The seismic information, mean, and
coefficient of variation associated with effective parame-
ters are introduced to the program as fixed input param-
eters to assess liquefaction and parameters relevant to
the genetic algorithm (Janalizadechoobbasti et al. 2016).
Genetic algorithm is a numerical search technique

which is analogous to the process of natural selection in
biology according to Darwin (Dawkins 2016). The evolu-
tion of population in nature occurs according to the
principles of natural selection and survival of the fittest.
Based on these principles, individuals in a population
compete with each other. Those who best fit their envir-
onment have the most chance of survival and will have
relatively more offspring in the next generation. Con-
versely, individuals with poor performance produce
fewer offspring and may even vanish and produce no
offspring at all. Hence, characteristics of the most suc-
cessful individuals in surviving will spread to an increas-
ing part of the population. In summary, GA works with
a population of individuals each representing a possible
solution (answers) for a given problem (McCully and
Bleobaum 1996). The population of individuals evolves
through mating between members. Most optimization
techniques require derivatives of the problem functions
whereas in GA method only information related to each
member is of prime importance. While derivation of the
functions is not obtained in a straightforward manner in
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many cases, GA methods do not deal with the problem
details. Therefore, a GA method is more flexible than
any other optimization process especially because of the
algorithm benefits form coded and binary variables,
which are suitable for computer programming. It should
be mentioned that some parameters affect the conver-
gence rate in GA process, for example population size,
mutation, and crossing are such parameters. Hence, in
order to minimize the effect of these parameters on con-
vergence rate, a sensitivity analysis is usually performed
prior to the main GA analysis through which an appro-
priate range for the variables is introduced. Then, one of
the variables is assumed to be the prime variable while
the others remain constant. Thereafter, the rate of con-
vergence is observed for that variable over the prede-
fined range. The process is continued for each variable
until a suitable range is established for each variable.
The sensitivity analysis conducted for minimization of
the function of reliability index has led to the following
appropriate values to be applied for GA analysis:
probability of crossover, Pc = 0.65, initial population,
Npop = 50, mutation probability, Pm = 0.025, and max-
imum number of generation, MaxGen = 40. Moreover,
these parameters are also shown in Table 1, where a very
concise description of the GA operations and related pa-
rameters is also presented.
The geotechnical information required for assessment

of liquefaction involves groundwater level, soil bulk
density, depth of soil layers, soil type, (SPT) number,
percentage of fines (sieve 200) as variable input parame-
ters. The application reliability index values are

calculated from boreholes to different depths based on
the flowchart designed and the probability of liquefac-
tion is then evaluated in these depths. Stages of current
investigations as well as sequences of GA process are
presented in Fig. 4. In this Figure, X, m and C are the
vector of the random variable, the mean vector and the
matrix covariance, respectively.

Result and discussion
Evaluating the potential of liquefaction in soil of Babol
city in Iran is a very important issue since the soil in
some areas are comprised of sand, seismic area, increas-
ing level of underground waters and consequently satur-
ation of soil. In this paper, about 600 SPT data are
collected from different labs in Babol city and are ana-
lyzed using five approaches, which have previously been
described. One borehole log is chosen based on the en-
gineer adjudication and analysis is performed. The rea-
son of selecting this borehole is that we can find the
defect of deterministic procedures against probabilistic
method. Table 2 illustrates a summary of this determin-
istic and probabilistic analysis at different depths where
soil performance against liquefaction is reported. For
each of these cases, the (CSR), (CRR), safety factor with
three approaches and the probability of liquefaction (PL)
are calculated continuously at all depths, so that a profile
of (PL) can be drawn. A liquefiable sandy layer existed
from a depth of 2 to 22 m and the water table is at a depth
of 1.8 m. The site is analyzed for (Amax) = 0.3 g, and (Mw)
= 7.5 (based on the regulations of the design of buildings
against earthquakes in Iran; classification for high seismic

Table 1 Operation description and related parameter in GA cycle

Operation Description Related Parameters Parameter description

Population GA starts with choice of some individuals (potential
answers for the problem) generated using a random
generator. The set of chosen values are called
population and the first set is referred to as ‘initial
population’. Members of the population are chosen to
act as parents to produce children for next generation
(next set of potential answers).

Npop The size of the population is the number of the
members that constitute the population. It is shown
usually by parameter ‘Npop’. The number of initial
population is a matter of concern and is usually
adopted based on the sensitivity analysis. In this study,
it is selected as Npop =50 after sensitivity analysis.

Generation In each cycle in GA, when the number of the produced
children (new potential answers) is equal to the size of
population(Np), then one generation is formed.

MaxGen Maximum number of generation ‘MaxGen’ is a
predefined number which is a criterion that checks the
termination process. When MaxGen is reached, the GA
process is terminated even if the convergence criterion
is not satisfied.

Crossover Operates on two chromosomes and swaps some of
their genes which creates two new chromosomes
representing two new individuals. In GA context, these
new individuals may be considered as new potential
answers.

Pc Crossover operation is carried in a probabilistic manner
and hence a probability number is assigned to it which
is referred to as ‘crossover probability’ or ‘Pc’. Similar to
Npop, sensitivity analysis may be carried to select the
best value for Pc or it may be adopted based on some
other inference.

Mutation This operator occasionally changes the produced
children (new potential answers) based on probabilistic
principles by exchanging some of their genes and
preserves the diversity of the population (set of potential
answers) by introducing new members and also
prevents the local optimums.

Pm Mutation occurs probabilistically according to a chosen
rate which, again, may be adopted based on sensitivity
analysis. It implies on the probability for the mutation of
a gene usually indexed by binary numbers ‘0’ and ‘1’ in
the chromosomes’ string. If the total number of handled
genes is assumed to be n, then Pm × n genes are mutated.
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risk) (Yaghmaei-Sabegh and Mohammad-Alizadeh 2012).
The soil parameters and the factors of safety against lique-
faction, using deterministic procedures and probability of
liquefaction (PL), are shown in Table 1. The different fac-
tors of safety in the range of 0.017 to 1.7 are obtained for
the same input parameters. In this table (FS1) illustrates
the factor of safety related to Seed, (FS2) indicates the
factor of safety related to the Highway Bridge of Japan and
finally (Fsa) shows the different areas related to the OCDI
procedures, respectively.
With this profile, it is possible for the engineer to de-

termine which layers are sensitive to liquefaction from
the viewpoint of an acceptable risk level. This advantage
is also observed in Table 2. For example, in the case of 1
at a depth of 2 m, the comparison of calculated values
by Seed et al. and the Highway Bridge of Japan ap-
proaches suggest that there would be liquefaction, since
(CRR) > (CSR) (albeit slightly). On the other hand, the

OCDI approach shows that the soil is in the 3 area and
the possibility of liquefaction is low. However, the field
observation indicates the occurrence of liquefaction. The
probability of liquefaction for this case is 26.5, which
suggests that liquefaction may not be possible. Similar
observation is found in the case of 5 but in this case, the
reliability approach confirms the result of Seed and
Highway Bridge of Japan methods, as it indicates that li-
quefaction will occur (PL = 91%). In the case of 7, the
Seed method yields (FS1) = 0.58 and OCDI method
shows that the soil is in the second area, which suggests
that liquefaction will occur. Moreover, the field observa-
tion indicates that the Highway Bridge of Japan method
shows the possibility of occurrence of liquefaction. In
this case, the result of the probability analysis (PL= 52.2)
does not provide a credible support for the occurrence
of liquefaction. Figure 5 shows a sample output of the
PL profile, along with the (FS1), (FS2) and (Fsa) profiles,

Fig. 4 Flowchart of the proposed concept in the current study

Naghizadehrokni et al. Geoenvironmental Disasters  (2018) 5:2 Page 8 of 17



as well as a comparison between Seed’s and High
Bridge’s output method which are indicated as Figs. 5d,
5a, 5c, 5e and 5b, respectively.
A comparison of the (FS1), (FS2) profiles, similar to

those shown in Fig. 5b, are quite useful as they show
which layers are likely to liquefy. However, this assess-
ment of the liquefaction potential is essentially deter-
ministic. As a result of the uncertainties involved in the
calculation of (CSR) and (CRR), such a deterministic ap-
proach is rather inappropriate. The drawing of the (PL)
profile as shown in Fig. 5d, offers an alternative on
which engineering decisions may be based.

Liquefaction hazard maps
Liquefaction hazard maps are useful tools for identifying
areas with a high likelihood of liquefaction-induced
ground deformation. Since the creation of improved
gadgets, with the advances in computer technologies,
geographic information systems (GIS) are now being
used to generate hazard maps. Here, a zone map from
Babol city is provided which illustrates the liquefaction
and non-liquefaction areas through GIS program. After
the collection of all information associated with bore-
holes, followed by their analysis and determination of
the non-liquefaction and liquefaction areas, data are
entered in (GIS) and liquefaction and non-liquefaction
regions are specified with the help of Kriging Approach
which is one of the best methods of interpolation
(Journel 1986). In this paper, liquefaction maps are
drawn through four deterministic procedures which in-
clude: Seed et al., OCDI, Highway Bridge of Japan and
Iwasaki procedures, respectively and one probabilistic
approach, which is the reliability method.
As it can be seen in the map derived from Highway

Method, all sections in the map are recognized as lique-
faction and non-liquefaction areas. Almost all southern
segments of Babol are identified as non-liquefaction areas
by this method. While, center of the city is recognized as

liquefaction area and it mean that this section has poten-
tial of liquefaction. Concerning the north area, as it can be
seen, there are some liquefiable and non-liquefiable areas
in the north.
Seed approach gives the same results to Highway

method especially in central and northern area in terms of
identifying the liquefaction and non-liquefaction seg-
ments. It can be concluded that we can achive the same
results for assessing liquefaction potential by utilizing both
approaches. Whereas, there are some little differences in
southern area as there are some liquefiable segments in
southern area whereas in previous procedure all southern
area of Babol were recognized as liquefaction areas.
In this map which is based on OCDI method it can be

argued that some western sections in the center of Babol
just has very high potential for liquefaction and the se-
verity of liquefaction has been reduced in other sections.
As it can be seen center of the city has high potential for
liquefaction and the severity of liquefaction has been re-
duced during approaching to southern area. Some seg-
ments of northern area do not have any potential for
liquefaction whereas the above section of northern area,
the severity of liquefaction has been increased to low li-
quefaction potential.
In all maps derived from deterministic methods, the

central areas of Babol are known as the liquefaction re-
gion, whereas when moving from the center of city to
the north, first, some non-liquefaction areas and after
that some liquefaction region can be observed. Overall,
numerous similarities exist between the central and
northern areas in all maps obtained by deterministic
procedures, while many discrepancies are seen in the
southern part in these maps. In the resulting map of the
Highway Bridge of Japan approach which is shown in
Fig. 6, almost all southern region is recognized as non-
liquefaction areas while in liquefaction areas obtained by
Seed method which is indicated in Fig. 7, liquefaction is
observed in some parts of the southwest and the

Table 2 The typical bore log data in Babol

Row Depth (m) γ (Kg/m3) Nspt Fc(%) σv(kN/m
2) σ

0
v (kN/m

2) Fs1 Fs2 Fsa β PL(%)

1 2 19.3 6 78.3 38.6 19 0.46 0.026 3 0.68 26.5

2 4 18.1 4 78.3 72.4 33.2 0.24 0.49 3 −1.4 93

3 6 19.4 7 100 116.4 57.6 0.33 0.017 1 −9.4 100

4 8 19.8 10 52.5 158.4 80 0.41 0.47 3 −1.02 84.6

5 10 18.6 12 3.1 186 88 0.37 0.27 4 −1.34 91

6 12 19.3 20 4.2 231.6 114 0.59 0.34 3 −1.2 88.5

7 14 19.3 20 4.2 270.2 133 0.58 0.34 2 −0.05 52.2

8 16 19.9 21 100 318.4 161.6 0.79 0.92 4 −1.19 88.4

9 18 20.3 20 100 365.4 189 0.76 0.97 4 −0.2 60.7

10 20 20.6 22 81.9 412 216 0.86 1.03 4 0.89 18

11 22 20.5 21 100 451 235.4 0.83 1.06 4 – –
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southern regions of Babol. On the other hand, the ana-
lysis of data using the OCDI method which is illustrated
in Fig. 8 gives different results. According to the map
drawn using the OCDI approach, the severity of lique-
faction reduced during approaching to the southern area
and liquefaction regions changed to less liquefied seg-
ments. In addition, part of the southern west of the
city where are far from the river are marked as the
region with high intensity liquefaction while in all
three previous deterministic procedures (Iwasaki, Seed
and Highway Bridge of Japan), this area is known as
non-liquefaction segment. The initial impression from
the map drawn by Iwasaki method, which can be seen
as a Fig. 9, is that in the southern area, high intensity
liquefaction is observed whereas this region is recog-
nized as liquefaction region in Seed and Highway

Bridge of Japan approach and is marked as low inten-
sity liquefaction in the OCDI method. Moreover,
western region (around the river which is called
Babolrod) where is marked as high intensity liquefac-
tion in OCDI method is considered as liquefaction
area in Iwasaki procedure.
Concerning the map derived reliability approach in

Fig. 10, it can be argued that just some central area is
recognized as high liquefaction and southern sections of
map illustrate liquefaction and low liquefaction areas,
respectively. On the other hand, the severity of liquefaction
is reduced from low liquefaction areas to non-liquefaction
sections by approaching the northern segments of Babol.
From what is earlier discussed, by comparing maps de-

rived from deterministic and probabilistic approaches, it
can be concluded that the map obtained by reliability

a

d e

b c

Fig. 5 Liquefaction potential evaluation related to bore log
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method has an acceptable accuracy. The reason for this
trust in the reliability procedure is that in the analysis
of reliability, the potential of indicators, which is one
of the best ways to assess the safety against liquefac-
tion is utilized. Furthermore, this index provides more
certain in comparison with deterministic methods and
includes details of statistical variables and parameters

loading resistance, as well while deterministic ap-
proaches are based on measurements in location.

Liquefaction limit state
In a reliability analysis of soil liquefaction potential, it
is necessary to define a limit state which separates
liquefaction from non-liquefaction areas. In this paper,

Fig. 6 Liquefaction hazard map of Babol (Highway Bridge of Japan procedure)
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the boundary curve in the standard penetration test
(SPT)-based simplified method is recommended for
the all data which is shown in Fig. 11. First of all, the
amount of (CSR) is calculated for each depth and the
amount of tension on the modified standard penetra-
tion is plotted. A repetition of the process for differ-
ent depths at different sites resulted in the formation
of a set of points from which the modified standard
penetration and cycle stress ratio is obtained. In view
of the set of ordered pairs, each with specific

characteristics (number of (SPT), cycle stress ration
and liquefaction condition specified) resulted in the
formation of relatively clear border between liquefac-
tion and non-liquefaction points (Fig. 11).

Conclusion
In this study, liquefaction potential is evaluated in Babol
city through four deterministic procedures, including
Seed, OCDI, Iwasaki and Highway Bridge of Japan
methods, respectively and one probabilistic approach,

Fig. 7 Liquefaction hazard map of Babol (Seed approach)
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which is the reliability method. Almost 60 boreholes are
analyzed in the area of study and liquefied and non-
liquefied regions are determined. To better understand
the results, analyzed data are presented for microzona-
tion maps. There are almost similar answers in the cen-
tral and northern areas in all maps derived from
deterministic procedures, which can be concluded that
central areas of Babol are recognized as liquefaction with
high severety; however, considerable discrepancies

resulted in the answers in the southern part of Babol
and this issue demonstrated the weakness of the deter-
ministic approaches, since similar data are obtained with
different results.
After assessing and analyzing all data by reliability

method in terms of determining liquefaction and non-
liquefaction areas, a borderline in a 2D environment, in-
cluding (CSR) and (Nspt) is obtained. Liquefaction as-
sessment can be made through this borderline. The

Fig. 8 Liquefaction hazard map of Babol (OCDI approach)
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initial impression from the microzonation map which is
obtained by probabilistic approach is that almost all
areas in Babol, except for the northern part of the city

are considered as being liquefied with different intensity.
Finally, by comparing the maps obtained for the deter-
ministic and probabilistic methods it is concluded that

Fig. 9 Liquefaction hazard map of Babol (Iwasaki procedure)
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the map obtained from a reliability method had the
highest accuracy. From all that have been discussed so
far, by comparing the maps obtained by deterministic
and probabilistic procedures, it is concluded that the
map which is obtained from a reliability approach pos-
sessed the highest accuracy.

Probabilistic reliability method is considered as the most
logical and practical approach for accounting the different
uncertainties, including both the model and measurement
uncertainties. Therefore, it is recommended that this new
approach can be used in discussions of sub-zones since
the evaluation of liquefaction by only using deterministic

Fig. 10 Liquefaction hazard map of Babol (Reliability method)
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methods are insufficient and inaccurate. Overall, it can be
stated that the map presented in this study can have
numerous applications for the expansion and develop-
ment of the city of Babol and in comparison with similar
researches in this area; it is more accurate due to the
leveraging reliability procedure.
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