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Abstract— Microtremor data have been carried out for microzonation studies and disaster
mitigation in urban areas. Over a period of two decades, the Nakamura’s H/V spectral ratio
method was recognized as a simple and cost effective method in seismological geotechnics. In
order to identify the soil layers characteristics, microtremor measurements were performed in 6
different regions in Iran. These sites are located in different parts of the south, center and east of
Iran. Regarding the study, 471 recorded microtremors on an area about 700 km?® were processed.
In addition, the results of 227 refraction tests, 386 electrical resistivity tests and 197 boreholes
were evaluated. Based on the analysis results, the resonance frequency of each station was
estimated from the peak of the H/V spectral ratio components. Conducting the boreholes or
geophysical investigations enabled the thickness of the sedimentary cover to be determined.
Different places were selected as study areas namely, Bam, Bushehr, Qeshm Island, Mashhad,
South Pars, and Qom. In order to develop the sedimentary thickness, an attempt has been made to
derive a formula to correlate the frequency of the horizontal-to-vertical, (H/V) spectral ratio peaks
(fo) to the sedimentary cover thickness (h). The obtained equations in the different sites indicate
that the relationship between these two parameters has a power form and it is significantly affected
by the subsurface topography and material properties. It is also observed that both shape of basin
and sedimentary thickness have a significant influence on the relation formula parameters.

Keywords— Microtremor, H/V spectral ratio, microzonation, site effect

1. INTRODUCTION

Over a period of three decades, several huge earthquakes occurred. The terrible events in Mexico 1985,
Manjil 1990, Northridge 1994, Kobe 1995, Izmit 1999, Bam 2003, Sichuan, China 2008, and Honshu,
Japan 2011 killed or injured thousands of citizens, destroyed many buildings and a considerable amount of
budget was spent on compensation for damages caused by these earthquakes. Consequently, the dynamic
characteristic identification and subsurface layers recognition of the soils are regarded as significant
factors in seismic hazard estimation at a certain site. Geotechnical engineers always look for the simplest
and most cost effective methods to investigate the soil properties and subsurface layer condition. In this
regard, the horizontal-to-vertical spectral ratio (H/V) of using the microtremors data has attracted the
interest of many researchers and engineers.

The H/V method was first introduced by Nogoshi and Igarshi [1] and improved by Nakamura [2, 3].
Due to its simplicity and cost efficiency it was rapidly accepted and developed. It must be mentioned that
three main categories are developed on the H/V technique. In the first category, researchers attempted to
evaluate the validity and reliability of the H/V results via the result calculated from earthquake records.
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Their applications consisted of either the standard spectral ratio method proposed by Borcherdt [4], or
the generalized inversion technique [5]. Many researches have been conducted in this category [6-11]
which have successfully provided the various formulas necessary to estimate the fundamental resonance
frequency of the site using seismic ambient noise. The second group of studies focused on the horizontal-
to-vertical spectral ratio method to evaluate the resonance frequency as a mapping tool in the
microzonation studies. In this group, the results were evaluated based on analyzing the earthquake fore-
shock records [12-16] or after-shock records to evaluate the building damage by the identification of a
local site [17, 18]. The last category of research, which was recently performed, is concentrated on
estimating a relationship between the resonance frequency, shear-wave velocity and thickness of the soil
layers. In order to find this relationship, the researchers have used the H/V spectral ratio method as a
geophysical exploration tool [19-21]. Practically, based on the soil layer depth obtained from boreholes or
geophysical methods, and the horizontal-to-vertical resonance frequency value, the average shear-wave
velocity of the soil column can be estimated.

In this paper, an effort has been made to evaluate the H/V spectral ratio collected from different study
areas located in Iran. This model study was initiated with the intention of developing a series of unique
formulas to estimate the depth of seismological bed from fundamental frequencies. Furthermore, it
attempts to recognize the parameters that have a more significant effect on these relationship formulas.

a) The microtremor usage in identification of the resonant frequency of site

The resonance frequency of the sites can be acquired using microtremor analysis. This is clear
evidence of the shear wave velocity contrast between bed-rock and sedimentary cover: the higher the
amplitudes, the larger the velocity contrast will be. In addition, the amplitude of the H/V ratio depends not
only on the velocity contrast, but also on the source-depth and source-distance distributions. Therefore,
amplitudes of the H/V ratio qualitatively introduce the possible resonance effects. In cases where the shear
wave velocity of the soft sediments is known from geotechnical or geophysical measurements, H/\V
spectral ratios can be used to estimate the thickness of the soft sedimentary layer. Since the site response
during the earthquake and microtremor excitation is the same, by knowing the resonance frequency of the
sites it is also possible to qualitatively know the expected amplification of the soil layer as a function of
frequency.

In order to estimate the soil layers characterization, the use of resonance frequency or the shear wave
velocity has been taken into consideration. Some researchers have suggested the depth of the bedrock as a
power function, as shown in relation (1). [19-21]

h=afg? 1)

where h is the depth, f; is the resonance frequency, and a and b are the constants. The coefficients a and b
are related to the geometric and geotechnical properties of the site. It must be pointed out that all of the
previous researches were performed around the Rhine River using the soil features of that region. Table 1
shows the amounts of a and b for these studies.

2. MATERIALS AND METHODS
a) Geological and geotechnical setting of the studied sites

In this study the microzonation data from the 6 sites was utilized. Bushehr, South Pars and the Qeshm
Island sites are situated in the south of Iran, on the northern part of the Persian Gulf and the remained sites
consisting of Mashhad City, the city of Qom and Bam City are located in the north-east, center and east of
Iran respectively. Fig. 1 illustrates the studied sites located in different locations in Iran. The southern sites
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are situated at the end of the folded region of the main south-eastern zone of the Zagros, which has
approximately similar subsurface characteristics. The subsurface investigation indicates that the layer
specifications vary with regions, and generally consist of coastal sand surface layers, sedimentary clay in
the middle and the clay-marl layers at the bed. In addition, a coral compacted layer appears in some low
depth sub-surfaces, for instance, in the Bushehr site, which does not appear in the other sites. Geological
investigation shows that most parts of Bam are covered with deposits including grawvel, sand and silt. The
thickness of dense layers varies from a few meters on the hill to more than 50 meters in the center of Bam
City. The Mashhad alluvium consists of three layers. The first layer is made up of surface alluvium which
is generally less than 13 meters; below this surface layer lie deep sediments which vary from 13 to 200
meters and, finally, the investigated region of Qom consists of expanded alluvium outcrops i.e., the
compacted macro grain materials in the south as well as the young and small grains in the Qom plain.
Generally, the first layer of the Qom site from zero to 5 meters is composed of sand and macro grain silt,
the second layer is made up of silt and sand or silt stone from 5 to 25 meters, and the third layer, located
below the second layer, consists of sand and gravel. The sites specifications are shown separately in Table
2.

Table 1. The suggested a and b for the equation 1 in the previous researches

Suggested parameters

Site Researchers Soil type

a b
Aachen Ibs-Von Seht and Wohlenberg,1999 Gravel, sand, clay 96 1.388
Cologne  Parolai, 2002 Gravel, sand, clay 108 1.588
Cologne  Hinzen,2004 Gravel, sand, clay 107 1.119

e
Lwt Capital of Iran

@ Important cities

Khorasan Yo studiedsites
-

Fig. 1. Location of investigated sites and important cities in Iran
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b) Data and data analysis

The data used in this research were taken from some microzonation studies that have been
manipulated by different research teams mainly from IIEES (Tehran), except the data of Mashhad,
prepared by Mashhad University. In order to recognize the sites specifications, in total, 471 recorded
microtremors on an area about 700 km? were processed. In addition, the results of 227 refraction tests, 386
electrical resistivity tests and 197 boreholes were evaluated. The data from each site have been processed
using GEOPSY software, following the same procedure and using the same processing parameters
recommended in SESAME manual [22]:

. The mean of the entire recorded signal is deducted from each sample value.

Table 2. The specification of soil layers and suggested equation for studied sites

No. of Geophysics and
Geotechnical Tests

2
o
. & | Sedimentar .
Site 8 Thickness(r¥1) Soil Types
2 [ > wn g
o o = [<5) @
< = > S =]
o <3 [ o o =
Qa 04 x m zZ =
0-2 Silt, firm sand
Bushehr and 2-6 Corallites cap-rock
Aalishahr 6 6 3 3B 46 o Sand Stone
>35 Clay- Marl
Mixture Gravel, Sand, Silt and
South Pars 0-5 Clay — low to medium density
Phase 3 ' 12 95 95 270 123 -
ase 540 Dense Sand and Silt, or Dense
Gravel and Sand
0-12 Sand, Silt and Clay
Qeshm Island _ 62 _ 46 46
>12 Sandstone
] 0-5 Silt and Clay
City of Bam 18 36 _ _ 18
5-50 Dense Gravel and Sand
0-5 Course Sand and Silt With
City of Qom 5 100 43 51 60 medium density
5-25 Dense Sand and silt
i 10-13 Poorly graded Sand
City of 18 e 200 Y9
Mashhad 13-200 Gravel, Well or poorly graded

e Determination of stable windows, in the 30-40 second range, using an anti-trigger, with a 1-s
STA, a30-s LTA, and STA/LTA ratio thresholds of 0.3 and 2.0;

e  For each window, a butter-worth’s filter with order 4 is applied on both sides of the window
signal of the vertical (V), North-South (NS), and East-West (EW) components;

e For each window, a FFT is applied to the signal of the three components to obtain the three
spectral amplitudes, to which a Konno and Ohmachi smoothing [1998] is applied, with a
bandwidth of 40 and an arithmetical average;
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e Spectral ratios (NS/V, EW/V, and average (NS, EW)/ V) are computed.
For the sake of simplicity, only the velocity spectral amplitudes of the vertical component and the average
(NS, EW)/ V ratio are presented in the figures. For illustrating the used data, the results of microtremor
spectral analysis for seismic stations of the Bushehr Site are presented in Fig.2.

3. RESULTS AND DISCUSSION

a) The h-f, relationship from microtremor data analysis

Previous studies on microtremors allow a quantitative interpretation of the relation between the resonance
frequency and sediment thickness cover; a depth estimate has been derived from the measured H/V peak
frequencies. With reference to the Nakamura method, which approved the origin of the main peak
observed in the H/V spectral ratio that is related to the average shear wave velocity in a sediment layer, the
sedimentary thickness h can be related to the H/V resonance peak frequency. By selecting the depth of the
seismic contrast h, as recommended by technical committee of the international society of soil mechanics
and geotechnical engineering (ISSMGE) obtained from the geotechnical and geophysical procedure [23],
it is possible to derive a modified relation between the H/V peak frequency f and depth h. The statistical
results indicate that the best relation is fitted by the power equation trend line as shown in the equation (1).
To develop the required formula for each site, the following discussed trend was used to derive the
equations. For instance, the Bushehr site including 33 various stations were selected to describe the
research procedure. Using the geophysical and geotechnical investigated data, resonance frequencies and
the shear wave of site were evaluated at 33 stations. Evaluating the H/V spectral ratio showed that 23
curves have a clear peak and the others have flat curves or include more than one peak. The resonance
frequencies vary from 0.5 to 30 Hz and the shear wave velocities vary from 200 to 950 m/s. Fig. 3
illustrates the correlation formula on the Bushehr site which recognizes the depth of bed in the function of
resonance frequencies. The relationship between the mean thickness and frequency of the main peak in the
H/V spectra is given in the Eq. (2).

h = 29.86(f,) % 2

The results show that the correlation relationship (1) is reliable for all the studied sites including
Bam, Bushehr and Alishahr, Qeshm, Mashhad, South Pars and Qom. The independent information about
the sediment data can be used to obtain the parameters a and b empirically by fitting the data sets of the
H/V frequencies f on different sites where the thickness h is available. Fig. 2 illustrates the calculated H/V
spectral ratio at the selected stations in the Bushehr Site with a strong velocity contrast between sediment
and bedrock.

The other sites have been evaluated by the same trends. Figs. 3 to 6 and Table 3 show the soil layer
specifications used in this research. Estimating the resonance frequency (fo) from the peak in the H/V ratio
and the thickness of the sedimentary cover obtained from the borehole data, a set of nonlinear regression
fits is obtained for 6 investigated sites. The derived formula has been summarized in equations (2) and (4)
to (9) in Table 3.

b) Evaluation of the h-f, relationship with the geophysical data analysis

To evaluate the resonance frequency of the sites, another approach was adopted. For this purpose, the
resonance spectral ratio frequency was compared with the frequencies obtained from the average of the
shear wave velocity of the sedimentary cover. This frequency was determined in the conventional Eq. (3)
introduced by Dobry et al. [24].
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Fig. 2a. The analyzed spectral ratio of stations in the Bushehr site (city of Bushehr); these pictures have been
presented as an example to show the microtremor analysis procedure of the sites.
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Fig. 2b. The analyzed spectral ratio of stations in the the Bushehr site
(city of Ali-Shahr)

December 2013 1JST, Transactions of Civil Engineering, Volume 37, Number C*



464 M. Mokhberi et al.

fo=1 ©)

This procedure was used to evaluate the trend discussed in the suggested equations obtained
previously by the Eq. (1).

The relationship (2) could be compared with the f, which was used to obtain the Eq. (3). Fig. 4 shows
the equation introduced in the Eq. (2) for the Bushehr site. By comparing the frequencies obtained from
the two methods as discussed before, Fig. 5 confirms a good agreement between the mean frequencies
obtained from the H/V spectral ratio curve and those achieved by the Eq. (3). The other sites imitate the
same trends. For all sites the parameters are acquired from the Eqgs. (1) and (3). The results and
relationship equations have been summarized in Fig. 6.

100
h = 29.86(fr)-062
+ R? = 0.838

€ *

_\C/ 10 &
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Fig. 3. Suggested relationship between sedimentary depth and resonant frequencies obtained
from H/V spectral ratio curves in the Bushehr site
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Fig. 4. The relationship between sedimentary depth and frequencies calculated from
relation f,=Vs/4h in the Bushehr site
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Fig. 5. Comparision of the frequencies obtained from H/V method with the frequencies
calculated with relation f,=Vs/4h in the Bushehr site
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Fig. 6a6. The relation formula for the South Pars site Fig. 6b6 Comparison of the frequencies obtained from
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Fig. 6. a) Suggested relationship equations between sedimentary depth and resonant frequencies, and b)
Comparision of the frequencies obtained from H/V method with frequencies calculated
with relation f=Vs/4h for the studied sites

c) Discussion

It seems that the sediments thickness, basin shape, soil properties and sea climate are the
parameters having the most significant effects on a and b. As is shown in the relations (4) to (9). On
the Bushehr Port and Qeshm Island the amount of a is equivalent to 30 and b is close to 0.63; on the
Qom and Mashhad sites the soil was coarse and the sedimentary cover thick (over 150 meters), the
factor a is about 65 and the value of the coefficient b is 0.63. On the Bam City site, which markedly
resembles these specifications, the amount of a and b are close to those related to other sites, except the
amount of a in the Bam site, which is about 58 due to its U-shape topography. Since the shape of the
basin and the soil specification are two important parameters in site amplification, Eq. (9) has different
amounts of a and b; the correlation equation for Site 3, South Pars, is close to the equations presented
by Parolai (2002) and Hinzen (2004) for the Cologne basin near the Rhine River, due to the similarity
of subsurface structures i.e., the nearby flat structure. Furthermore, on the studied sites the
amplification factors are between 3 and 4 with an average 3.6, except the Qom site where the
amplification factor is about 5. A comparison of the suggested equations sites located near the Persian
Gulf with a drier environment area, for instance Bam or Mashhad, suggests that the water table level
has no essential effect on the resonance frequencies. In addition, it was observed that the thickness of
soil layers is a effective factor in the relation between the depth and frequencies. From a practical
perspective, the equations presented in this research have appropriate utility for estimating the bed
thickness in the absence of the borehole data.
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Table 3. The suggested relationship equations for the studied sites

Site Relation Formula: h=a(f,)”

Clty of Bam h:59(f0)—0.83 (4)
Bushehr and Aalishahr h=29.86(f,) % )
Qeshm Island h=30(f,) **3 (6)
City of Qom h=60.34(f,) % )
City of Mashhad h=65(f,) % ®)
South Pars, Phase 3 h=128(fy) **° (9)

4. CONCLUSION

The H/V spectral ratio of the microtremor was calculated for 6 stations namely, the Bushehr region, South
Pars (phase 3), Qeshm Island, the city of Qom, the city of Bam and Mashhad City. The soil profile
characteristics from the inversion of H/V Spectral ratio technique were estimated. In order to determine
the geometric specifications of sedimentary layers, 471 recorded microtremors as well as 227 refraction
tests, 386 electrical resistivity and 197 boreholes data were collected. A set of correlation formulas
between the sediment depth and the frequency of the main peak in the H/V spectral ratio were estimated.
The following conclusions could be drawn from this research.

1- The results confirm that the one-station H/V spectral ratio method could be a suitable approach to
estimate the geometric specifications of the soil layers, especially for the soil layers with a clear
contrast between the sedimentary cover and bedrock.

2- For all sites, a power function confirms the relation between seismic bed depth and resonance
frequencies.

3- The sediments thickness, basin shape, soil properties and marine weather are the parameters
which have greater effects on parameters a and b in Eq. (1).

4- The subsurface topography has a greater effect on the parameters a and b.

5- Due to the similarity in the subsurface topography and thickness of sedimentary cover, the
obtained correlations in Mashhad, Qom and Bam are similar. Furthermore, the relationship
formulas for Qeshm and Bushehr have a similar trend.

6- The reliability of the equations obtained from the H/V techniques is comparable with the other
techniques such as down-hole and resistivity method.

7- The similarities between the equations in the studied sites are good evidence for the utilization of
this method in the site investigation.
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