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Abstract Earthquake has left much life and property

damages. The occurrence of such events necessitates the

execution of plans for combating the earthquakes. One of

the most important methods for combating earthquakes

includes assessing dynamic characteristics of soil and site

effect. One of the methods by which one can state dynamic

characteristics of the soil of an area is the measurement of

microtremors. Microtremors are small-scale vibrations that

occur in the ground and have an amplitude range of about

0.1–1 microns. Microtremor measurement is fast, applica-

ble, cost-effective. Microtremor measurements were taken

at 15 stations in the Babol, north of Iran. Regarding

H/V spectral ratio method, peak frequency and amplifica-

tion factor were calculated for all microtremor stations.

According to the analysis, the peak frequency varies from

0.67 to 8.10 Hz within the study area. Also, the authors

investigated the validity of the results by comparing them

with SESAME guidelines and geotechnical conditions of

study area. The microtremor analysis results are consistent

with SESAME guidelines and geotechnical condition of

study area. The results show that the microtremor obser-

vations are acceptable methods for assessing dynamic

characteristics of soil and site effect in the Babol City.

Keywords Site effect � Dynamic characteristics �
Microtremor � Peak frequency � Amplification factor

1 Introduction

Numerous observations in earthquake-affected areas have

shown that the local intensity of earthquake shaking and

the amount of structural damage due to seismic impact are

in some way influenced by the local subsoil. During the

past decades, the effect of local soil condition is known to

have caused serious damage during several earthquakes.

Some well-known examples include the earthquake in

Michoacan, Mexico, in 1985, Loma Prieta, California,

USA, 1989, Roodbar, Iran, 1990, Chi-Chi, Taiwan, 1999,

Bam, Iran, 2003.

In general, site effect has introduced the effects of soils

layers and underground topography which alter the speci-

fication of strong ground motion (Choobbasti et al. 2013;

Del Gaudio et al. 2013). It is well accepted that, besides the

earthquake magnitude and fault distance, local geological

conditions, known as site effects, can impose significant

influences on the earthquake ground motion at a given

place (Rezaei et al. 2015; Panzera et al. 2013).

Soft soil layers amplify the earthquake ground motion.

This fact increases the importance of assessing the site

effects, in order to introduce suitable solutions for mini-

mizing the earthquake damage and loss of life. These

assessments are performed by different methods. One of

the most common methods includes microtremor mea-

surement. Today, this approach is being used as fast,

applicable, cost-effective site effect assessment method.

Babol City is located in Mazandaran Province in north

of Iran. This region consists of soft deposits. In the last

three decades, the population of Babol is increased, which

resulted in very rapid growth of settlements, especially in

urban areas. Currently, about 300,000 people in Babol are

at risk from earthquakes. Many of the Iran cities, including

S. Rezaei (&) � A. J. Choobbasti

Department of Civil Engineering, Babol University of

Technology, P.O.Box 484, Babol, Mazandaran, Iran

e-mail: S_Rezaei1366@yahoo.com

123

Earthq Sci (2017) 30(3):157–164

DOI 10.1007/s11589-017-0187-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s11589-017-0187-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11589-017-0187-2&amp;domain=pdf


Babol, are located in region with high seismic activity. One

of the most important steps for identifying and combating

earthquakes is seismic microzonation. This method is a

general process for dividing a region into smaller part with

similar seismic properties.

The International Society of Soil Mechanics and Foun-

dation Engineering has introduced three levels for zonation

process. Level II map is based on the microtremor records

and simplified geological studies. For this reason, micro-

tremor measurement has been taken at 15 stations in the

western part of Babol City.

The obtained data were analyzed based on Nakamura

method (H/V). Nakamura method is one of the most reli-

able and efficient microtremor analysis methods. The

obtained results were controlled with SESAME guidelines.

In addition, the results were compared with study area

soil’s texture and geotechnical condition to confirm their

precision.

2 Seismicity of Babol

Unfortunately, Iran’s human communities and material

infrastructure have been developed in disaster-prone areas

such as the Babol City. Population in these communities

has been increased; therefore, an accurate natural hazard

risk assessment is necessary. Babol is the capital of Babol

County, Mazandaran Province, Iran. Babol is located at a

latitude of 36�503600 north and latitude of 52�30 east (Rezaei

2014).

Babol is located in front of Alborz Mountain which is a

tectonically active region situated between the Caspian Sea

and the Iran platform. The tectonic of Alborz Mountain is

controlled by the boundary condition due to convergent

motion between Arabia and Eurasia, which probably star-

ted in the Cretaceous. The area around Babol has repeat-

edly experienced earthquakes. In Table 1, the magnitude,

intensity, year of occurrence and location of these earth-

quakes are reported.

3 Methodology

Microtremors are ground vibrations with displacement

amplitude about 1–10 micron, and velocity amplitude is

0.001–0.01 cm/s that can be detected by seismograph with

high magnification (Rezaei and Choobbasti 2014). Many

investigations have been conducted to determine the nature

of microtremors. One of the possible sources of micro-

tremors can be human activity, such as traffic, industrial

noises and natural phenomena, such as wind, ocean waves

(Del Gaudio and Wasowski 2011).

The analysis of microtremor was initially proposed by

Kanai and Takana. Since then, many scientists have used

microtremor for site effect evaluation (Singh 2015; Mun-

depi et al. 2015; Pilz et al. 2014; Panzera et al. 2013).

As it is said before, one of the most popular techniques

for estimation of site effects in the regions with low seis-

micity is microtremor measurements by Nakamura method

(H/V) (Matassoni et al. 2015; Nakamura 1989). Based on

the literature review, the Nakamura method (H/V) has been

used in many places.

Nakamura presumes that the microtremors predominantly

consist of shear waves. Observation of tremor data showed

that the ratio values between horizontal and vertical motions

of tremor for each observation point (HB/VB) are related to

soil conditions and are almost equal to one for firm soil and

bedrock. The horizontal component of the shear wave is

amplified by the layer of soft soil due to the multiple-re-

flection phenomena of the waves. However, Nakamura

assumed that the soft soil layer does not amplify the vertical

component, i.e., P wave. The transfer function (ST) of surface

layers is defined as the ratio between the horizontal tremor

spectrum on the surface (HS) and the horizontal tremor

spectrum on the substratum (HB).

ST ¼ HS=HB: ð1Þ

In this interpretation, it was assumed that the horizontal tremor

spectrum on the surface is affected by the Rayleigh waves,

which are considered as noise for microtremor measurements.

And also, the Rayleigh waves affect the vertical spectrum at

the surface but do not affect the vertical spectrum at the

bedrock. Moreover, it was assumed that soft sediments do not

amplify the vertical waves; hence, the effect of the Rayleigh

waves (ERW) can be evaluated by taking the ratio of the

vertical component at the surface (VS) and at the bedrock (VB).

ERW ¼ VS=VB: ð2Þ

Hence, incorporating the effects of Rayleigh waves, new

transfer function (SM) can be written as

SM ¼ ST=ERW ¼ HS=HBð Þ= VS=VBð Þ; ð3Þ

where

HB=VB ¼ 1: ð4Þ

Table 1 List of recorded damaging earthquakes in and around Babol

(Choobbasti et al. 2013)

Location Year Source Intensity Magnitude

Amol 1809 20 km W Babol IX 6.5

Talar rood 1935 35 km SE Babol VII 5.7

Chahar Dange 1935 60 km ES Babol VIII 6.3

Bandpey 1957 10 km W Babol IX 6.8

Babol 1971 Babol VI 5.2

Kojoor 2004 60 km NW Babol VIII 6.3

Marzikola 2012 Babol VI 5
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Thus, an estimate of the transfer function is given by the

spectral ratio between the horizontal and the vertical

components of the motion at the surface:

SM ¼ HS=VS: ð5Þ

Many theoretical and experimental studies show that, this

method has the capability of estimation of two important

site response parameters (amplification factor and peak

frequency) (Nakamura 1989; Milana et al. 2011; Choob-

basti et al. 2014; Purnachandra Rao et al. 2011).

4 Data collection and analysis procedures

Investigations were conducted in the western part of Babol,

the study area was divided in the form of 700 m 9 700 m

squares, and one station was specified for measurement in

each square. Figure 1 shows the gridding, the location of

microtremor recording stations and geotechnical boreholes

available in the study area (red: microtremor station, green:

geotechnical borehole).

Microtremor measurements were taken in 2011 and

2012 in the study area. All the experimental conditions for

current work were controlled mainly by the European

SESAME research project. To reduce the effect of local

noisy sources, such as industrial facilities, almost all

recordings were done between 10 pm and 3 am.

The measurement system used (SL07) consists of power

supply, GPS, amplifiers, 32-bit A/D converters and a lap-

top, with a three-component velocity sensor unit (two in

two orthogonal horizontal directions and one in vertical

directions). At each site, microtremor motions were mea-

sured for 15 min and digitized with equi-interval of 0.01 s.

At each station, data were recorded for 901.12 s (i.e.,

90,112 data points at the sampling rate of 100 Hz). The

recorded time series data were divided into 44 windows

each of 20.48 s duration. For each site, appropriate win-

dows of the data were chosen from 44 windows, omitting

the windows that are influenced by very near noisy sources.

Each window is baseline-corrected for anomalous trends,

tapered with Hanning window and band-pass filtered from

0.2 to 20 Hz. These appropriate windows were used for the

calculation. The Fourier spectra were calculated for the

selected windows using the fast Fourier transform (FFT)

algorithm. The Fourier amplitude ratio of the two hori-

zontal Fourier spectra and one vertical Fourier spectrum

was obtained using Eq. 6:

Havg=V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N2ðf Þ þ E2ðf Þ=2
p

=V fð Þ; ð6Þ

where N, E and V are the Fourier amplitude spectra in the

NS, EW and UD directions, respectively.

After obtaining the H/V spectra for appropriate win-

dows, the average of the spectra was obtained as the

H/V spectrum for a particular site. The peak frequency of

the H/V spectrum plot shows the resonance frequency and

amplification factor of the site.

In order to assess the accuracy of the measurements,

reliability and clarity of the peak in the H/V curve have

been checked. For this purpose, the authors use the

SESAME guidelines. The SESAME guidelines on the

H/V spectral ratio technique are the result of comprehen-

sive and detailed analyses performed by the SESAME

participants during the 3 years (2001–2004). The guideli-

nes represent the state of the art of the present knowledge

of microtremor method and its applications and are based

on the consensus reached by a large group of participants.

It reflects the synthesis of a considerable amount of data

collection and subsequent analysis and interpretations. For

more information about SESAME research project, visit

http://sesame-fp5.obs.ujf-grenoble.fr (SESAME 2004).

H/V spectral ratios for the selected windows have been

computed at 15 stations of surveyed sites. Figure 2 displays

the H/V spectral ratio for stations B04, B12, B15, B17, B23

and B28 for example. Table 2 shows the analysis results

Fig. 1 Location of microtremor recording stations and geotechnical

borehole red microtremor station, green geotechnical borehole.

(Color figure online)
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for all recording stations. In this table, f(Peak) is the peak

frequency and A0 is the amplification factor.

Table 3 shows the criteria for a clear H/V peak recom-

mended by European SESAME research project. Also,

Table 4 shows the criteria for a reliable H/V curve rec-

ommended by European SESAME research project. In the

following tables, Y represents that the criteria are accept-

able and N shows that the criteria are not acceptable.

5 Results and discussion

5.1 Microtremor measurements results

The H/V spectral ratios for selected windows have been

computed at 15 stations of surveyed sites and are presented

in Fig. 2a–f. According to the analysis, the peak frequency

f(Peak) varies from 0.67 to 8.10 Hz within the study area but

Fig. 2 H/V spectral ratio

Table 2 Analysis results for all recording stations

Station name B04 B05 B06 B10 B11 B12 B15 B17 B18 B22 B23 B24 B28 B29 B30

A0 1.4 2.2 2.7 2.1 3.2 2.1 2.1 2.1 3.0 1.7 2.0 3.5 2.1 1.7 2.9

f(Peak) 0.86 0.92 0.92 7.49 6.80 0.67 0.83 6.10 8.10 0.76 0.80 0.86 0.80 7.00 6.70
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they can be classified in two frequency ranges. First group

in shorter range is from 0.67 to 1.32 Hz. The other in larger

range is from 1.32 to 8.10 Hz. The most part has lower

values of f(Peak) (less than 1 Hz, about 60%), and these low

values indicate large thickness of sediments. Each station

enables an estimation of the peak frequency and amplifi-

cation. In order to represent the spatial distribution of the

peak frequency over the Babol City, interpolation between

the microtremor stations was carried out. Figure 3 shows

the peak frequency for Babol City varying from 0.67 to

8.10 Hz. Major portion of the city shows a lower peak

frequency in the range of 0.67–0.92 Hz. The central and

southwest part has higher values of peak frequency.

The presence of clear peak of H/V curve (Fig. 2a–c, e) is

considered as an indicative of the impedance contrast

between the uppermost surface soil and the underlying hard

rock (SESAME 2004). At some sites, a second significant and

clearly identifiable peak is visible at higher frequency

(Fig. 2f); these secondary peaks of the H/V curve reflect the

presence of two large impedance contrasts (SESAME 2004).

Figure 2d presents some of broad peak curves, and this could

be related to presence of an underground sloping of the

interface between softer and harder layers (SESAME 2004;

Fnais et al. 2010).

5.2 Comparison of data collected from microtremor

measurements and geotechnical conditions

To validate the experimental technique, peak frequencies

obtained from microtremor measurements were compared

with the soil texture and geotechnical condition in the study

area. For this purpose, three cross sections of A-A0, B-B0

and C-C0 have been considered in the study area (Fig. 1).

Geotechnical data enabled authors to determine soil

columns representative of each site. The mechanical

properties of the existing boreholes in the study area were

entered in the RockWorks software, and by the performed

analysis, the soil condition under the three considered cross

sections has been specified. RockWorks is an integrated

software package for geological data management, analysis

and visualization (Haque et al. 2017).

First, let’s review the A-A0 section. This section has the

west-east direction. This section passes through the three

microtremor recording stations of B12, B11 and B10. As it

is evident from Fig. 4, the considered section mainly

consists of fine particles and has been changed noticeably

only in the middle and end of soil profile and coarse grain

is observed in this region.

By assessing the frequency values obtained from

recording stations B12, B11 and B10, it can be seen that the

results have acceptable conformity with the section’s

geotechnical conditions, such that the recording stations of

B11 and B10 mainly consist of coarse grain and this issue

beside high N-SPT and shear wave velocity confirms the

existence of high frequency in this region. In addition, the

soil under the B12 recording station mainly consists of fine

particles with high N-SPT and this fact confirms the exis-

tence of low resonance frequency in this region.

The B-B0 cross section is passed from the north to the

south and is almost located from the midsection to the end

Table 3 Criteria for a clear H/V peak recommended by European SESAME research project

Criteria for a clear H/V curve (at least 5 out 6

criteria fulfilled)

Station name

B04 B05 B06 B10 B11 B12 B15 B17 B18 B22 B23 B24 B28 B29 B30

A f- [ [f0/4, f0]|AH/V (f-)\A0/2 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

A f? [ [f0, 4f0]|AH/V (f?)\A0/2 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

A0[ 2 N Y Y Y Y Y Y Y Y N Y Y Y N Y

fPeak [AH/V (f) ± rA(f)] = f0 ± 5% Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

rf\ e(f0) Y Y Y Y N N N N N Y Y Y Y Y Y

rA(f0)\ h(f0) Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Table 4 Criteria for a reliable H/V curve recommended by European SESAME research project

Criteria for a reliable H/V curve Station name

B04 B05 B06 B10 B11 B12 B15 B17 B18 B22 B23 B24 B28 B29 B30

rA(f)\ 2 for 0.5f0\ f\ 2f0 if f0[ 0.5 Hz

or rA(f)\ 3 for 0.5f0\ f\ 2f0 if

f0\ 0.5 Hz

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

f0[ 10/lw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

nc[ 200 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
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of the study area. This section has been passed in direction

of three recording stations of B17, B23 and B29. By

reviewing Fig. 5, it is observed that the geotechnical con-

ditions of this section consist of various soils types.

However, we can observe the general trend of the related

changes. The soil layers at the beginning of section contain

some coarse grains, but in the midsection, fine particles

increase. At the end of section, the soil layer changes are

considerable, but it consists mainly of coarse grains.

Considering the reviews performed for the soil layers,

N-SPT and shear wave velocity, it is predicted that the

resonance frequency values are high at the beginning of the

section, and then in the midsection, its value will be

decreased and again will increase at the end of sec-

tion. This problem is consistent with the values measured

at the microtremor stations.

The C-C0 section has the north-south direction and is

located at the right side of the study area. This section is

longer than the other two sections. This section passes

through the microtremor recording stations of B04, B15, B22

and B28. By reviewing Fig. 6, it is observed that, this section

mainly consists of fine particles with low N-SPT. The

beginning of section consists of coarse grain, and in the rest

of the profile toward the south, some fine particles are noticed

which can decrease the resonance frequency, and almost at

the end of the section, the coarse grain is increased again. A

general review shows that the soil texture and geotechnical

condition of section have an acceptable conformity with the

results of microtremor measurements.

6 Conclusions

In this paper, the authors evaluate the applicability of

microtremor measurement in Babol City. Babol is an

important city in the north of Iran that is built on thick soft

sediments, which could amplify the earthquake ground

motion. In order to assess the dynamic characteristics and

site effect, the study area has been divided at nodes on a

700-m grid within a 3.5-km by 2.1-km area in Babol City.

The result shows the resonance frequency and the ampli-

fication factor vary within a short distance. The results of

the resonance frequencies of the sediments show a

Fig. 3 Map of peak frequency

Fig. 4 Cross section of A-A0
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distribution in a wide range 0.67–8.10 Hz and most part of

the study area has amplification factor in the range of

1.4–2.2. There is a good correlation of different frequency

ranges with a soil texture and geotechnical properties

(shear wave velocity, N-SPT) of study area. Also, the

accuracy of the measurements, reliability and clarity of the

peak in the H/V curve have been checked by SESAME

guidelines. As final conclusion, it is possible to say that,

microtremor analysis using the Nakamura technique

proved to be a valuable tool to determine peak frequency

and amplification factor of shallow soft soils with simple

layer distribution.
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