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Abstract. The aim of this study is to classify the site effect

using concentration–area (C–A) fractal model in Meybod

city, central Iran, based on microtremor data analysis. Log–

log plots of the frequency, amplification and vulnerability in-

dex (k-g) indicate a multifractal nature for the parameters

in the area. The results obtained from the C–A fractal mod-

elling reveal that proper soil types are located around the cen-

tral city. The results derived via the fractal modelling were

utilized to improve the Nogoshi and Igarashi (1970, 1971)

classification results in the Meybod city. The resulting cate-

gories are: (1) hard soil and weak rock with frequency of 6.2

to 8 Hz, (2) stiff soil with frequency of about 4.9 to 6.2 Hz,

(3) moderately soft soil with the frequency of 2.4 to 4.9 Hz,

and (4) soft soil with the frequency lower than 2.4 Hz.

1 Introduction

Site effect caused by an earthquake may vary significantly

in a short distance. The seismic wave trapping phenomenon

leads to amplified vibration amplitudes that may increase

hazards in sites with soft soil or topographic undulations.

Theoretical analysis and observational data have illustrated

that each site has a specific resonance frequency at which

ground motion gets amplified (Bard, 2000; Mukhopadhyay

and Bormann, 2004).

Microtremor data analysis is applied in the recognition

of the soil layers, prediction of shear-wave velocity of the

ground, and evaluation of the predominant period of the soil

during earthquake events. It has been proved that measure-

ment and analysis of microtremor data is an efficient and

low-cost method of seismic hazard microzonation (Kanai

and Tanaka, 1954; AIJ, 1993; Mukhopadhyay and Bormann,

2004; Beroya et al., 2009). Microtremors are weak ground

motions with amplitude between 1 and 10 µm which always

exist and are mostly generated by natural processes. Since

these motions change the site effects and these changes are

representative of the soil characteristics, microtremor analy-

sis is used to obtain information about soil vibration proper-

ties of sites (Kamalian et al., 2008).

Some scientists believe that microtremors are mostly

formed by Love and Rayleigh waves (Akamatu, 1961).

However, they can also be composed of Longitudinal and

Rayleigh waves (e.g. Douze, 1964). Allam (1969) proposed

that microtremors could be composed of body and/or surface

waves and thus, it is possible that they are originated from

any wave.

Microtremors are also applied to calculate the amplifi-

cations of horizontal movements in the free surface dur-

ing earthquake events (Nakamura, 1989). Fundamentally, the

method expresses the spectral amplification of a surface layer

obtained by evaluation of the horizontal-to-vertical spectral

ratio of recorded microtremors. The amplification factor was

a result of several refracted waves in effect of their incidence

into layer boundary. Thus, the associated Rayleigh wave of a

microtremor would be a noise and would be removed during

the H/V process. Moreover, H/V ratios of simultaneously

measured records on ground surface and bedrock showed

a constant maximum acceleration ratio. Since every station

has different characteristics, the records of one earthquake in

various sites will be different. In a soft-soil location under-

lying a hard rock, the H/V spectral ratio displays a clear
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Figure 1. (a) Location of the study area (black star) in Iran; (b) map

of the microtremor recording points and boreholes.

peak. These peaks are spatially and temporally stable and

can be considered as a fundamental (resonance) frequency

of the site (Duval, 1994, 1996). This method is used by

many scientists in order to identify small-scale seismic risks

and prepare detailed data for urban seismic microzonation.

Konno and Ohmachi (1998) carried out a thorough study

of Nakamura’s approximation and investigated multi-layered

systems – known as the HVSR method. Numerical stud-

ies of horizontal geological deposits show that if there are

large impedance differences between deposits and bedrock,

the local fundamental frequency can be well presented by the

HVSR method. However, comparison of HVSR peaks with

the standard spectral ratio shows that the actual site ampli-

Figure 2. Geological map of Meybod area. According to the map,

the major units around the city are Quaternary deposits including

cultivated land, Clay flat and young terraces and fans. The only

other unit close to the city is Eocene gypsiferous marl (Egm).

fication cannot be estimated from the amplitudes of HVSR

peaks (Bard, 1998; Gosar et al., 2008; SESAME, 2004).

Identification of ground types is a main issue in the seismic

geotechnical studies as well as site selection. There are many

site effect classifications based on dynamical ground char-

acteristics such as frequency, period, alluvial thickness and

shear-wave velocity. Nogoshi and Igarashi (1971) proposed

one of the common classifications of site effects (Table 2).

Additionally, Komak Panah et al. (2002) presented a clas-

sification based on the HVSR method in eastern and central

Iran. Both used fundamental frequency as a main factor (Ta-

bles 1 and 2).

Euclidean geometry recognizes geometrical shapes with

an integer dimension; 1-D, 2-D and 3-D. However, there

are many other shapes or spatial objects whose dimensions

cannot be mathematically explained by integers, but by real

numbers or fractions. These spatial objects are called frac-

tals. In abstract form, fractals describe complexity in data

distribution by estimation of their fractal dimensions. Differ-

ent geophysical and geochemical processes can be described

based on differences in fractal dimensions obtained from

analysis of relevant geophysical data. Fractal models, estab-

lished by Mandelbrot (1983), were applied to objects that

were too irregular to be described by ordinary Euclidean ge-

ometry (Davis, 2002; Evertz and Mandelbrot, 1992). Fractal

theory has been of practical use to geophysical and geochem-
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Table 1. Site effect classification of Komak Panah et al. (2002).

Geological V 30
s Predominant Soil Class

Condition (m s−1) frequency (Hz) description no.

Thick soft clay or silty sandy clay

mostly alluvial plain

< 350 < 2.5 Soft soil I

Interbedded of fine and coarse

material, alluvium terraces with

weak cementation

350–550 2.5–5 Moderately

soft soil

IIa

Thick old alluvium terraces or

colluviums soils with medium to

good cementation

550–750 5–7.5 Stiff soil IIb

Well cemented and compacted soil,

old quaternary outcrop

> 750 > 7.5 Hard soil,

Weak rock

III

Table 2. Site effect classification of Nogoshi and Igarashi (1970).

Description Frequency (Hz) Type

Stiff rock composed of gravel, sand and other soils mainly consisting of tertiary

or older layers

7–10 I

Sandy gravel, stiff sandy clay, loam or sandy alluvial deposits whose depths are

5 m or greater

4.5–7 II

Standard grounds other than type I, II or IV 2–4.5 III

Soft alluvium-delta lands and pit whose depth is 20 m or greater. Reclaimed land

from swamps or muddy shoal where the ground depth is 2 m or greater and less

than 20 years have passed since the reclamation.

0.1–2 IV

Figure 3. 3-D model of soil deposits of Meybod city, Iran. Domi-

nant soil type is composed of clay and silt with high plasticity. The

major variation is located in the eastern part of the city (CL: inor-

ganic clay of low plasticity or lean clay; MH: inorganic silt of high

plasticity; CL-ML: inorganic clay and inorganic silt of low plastic-

ity; CH: inorganic clay of high plasticity; ML: inorganic silt of low

plasticity; SM: silty sand).

ical exploration since late 1980s (e.g. Agterberg et al., 1996;

Afzal et al., 2010, 2011, 2012, 2013; Cheng et al., 1994;

Daneshvar et al., 2012; Sim et al., 1999; Turcotte, 1986).

Cheng et al. (1994) proposed a concentration–area (C–A)

fractal model based on the relationship of elemental distribu-

tions and occupied areas. This idea and premise provided a

scientific tool to demonstrate that an empirical relationship of

C–A exists in the geophysical and geochemical data (Afzal et

al., 2010, 2012; Cheng et al., 1994; Cheng, 1999; Goncalves

et al., 2001; Sim et al., 1999). Cheng et al. (1994) showed that

there are various parameters which have a key role in spatial

distributions of most of the elements for a given geological–

geochemical environment.

In this paper, fundamental frequency, amplification and

ground vulnerability index (K-g value) data of Meybod city

(central Iran) are separated by C–A fractal model and No-

goshi’s classification. Subsequently, results obtained by the

two methods are compared.

2 Case study characteristics

Meybod city is located in Yazd province, central Iran (Fig. 1),

with Quaternary sediments as the major geological units

(Fig. 2). The major types of sediment in the area are clay
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Figure 4. Data distribution maps of Meybod city: (a) frequency; (b)

amplification; (c) K-g value.

and silty-clay. Additionally, sandy-clay units occur in the NE

part of the city with 2 m thickness and at depth of 30–32 m.

Based on the geotechnical studies of the region, the domi-

nant soil type is composed of clay and silt with high plastic-

ity (Fig. 3). There is no major variation in the composition

Figure 5. Data histograms showing multimodality of the factors:

(a) frequency, (b) amplification, (c) K-g value.

of sediment in the area, except for some variation of clay

and silt contents in the eastern part (based on borehole data)

(Fig. 3).

From the downhole data collected from five boreholes, the

variations of P and S velocity (m s−1) were calculated (Ta-

ble 3). Shear wave velocity is between 560 and 725 m s−1 at

the depth of 42 m. The depth of seismic bedrock varies from

52 to 90 m which is calculated based on the velocity. This

result shows that there are differences in soil hardness values

within the area.
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Table 3. Velocity of seismic waves (m s−1) in Meybod city.

Borehole B.H1 B.H2 B.H3 B.H4 B.H5

Depth(m) Vs Vp Vs Vp Vs Vp Vs Vp Vs Vp

1.0 243 567 308 659 217 477 157 353 352 782

2.0 329 743 356 759 283 615 225 501 415 905

4.0 441 961 440 936 360 784 311 685 520 1100

6.0 505 1081 464 997 407 882 377 820 548 1155

8.0 532 1132 487 1045 451 968 405 881 561 1177

10.0 521 1121 505 1080 473 1015 428 927 568 1192

12.0 517 1121 523 1114 503 1070 449 969 592 1231

14.0 505 1108 537 1141 525 1111 476 1019 612 1262

16.0 490 1086 551 1164 525 1118 494 1053 625 1286

18.0 493 1093 564 1188 528 1130 507 1078 628 1292

20.0 497 1097 573 1207 535 1142 506 1081 643 1316

22.0 503 1108 585 1228 550 1169 512 1094 651 1330

24.0 509 1119 595 1244 562 1190 522 1113 662 1345

26.0 518 1135 602 1256 575 1211 525 1121 672 1361

28.0 526 1149 605 1263 585 1227 532 1134 683 1377

30.0 534 1163 609 1271 592 1240 543 1152 692 1390

32.0 539 1169 616 1283 601 1254 552 1168 700 1403

34.0 541 1172 624 1295 603 1259 562 1184 703 1411

36.0 545 1176 631 1306 610 1269 571 1197 708 1419

38.0 551 1185 637 1315 617 1280 577 1208 714 1428

40.0 555 1192 644 1325 623 1291 581 1215 719 1436

42.0 559 1199 650 1335 629 1301 588 1226 725 1444

Vs30 473 509 460 407 579

(m s−1)

seismic bed 70 90 80 80 52

rock depth (m)

Vs: Shear wave velocity, Vp: Longitudinal wave velocity.

Table 4. Comparison of frequency separation by C–A fractal model

and Nogoshi and Igarashi (1970, 1971).

Nogoshi and Igarashi C–A fractal model

Ground Frequency Frequency

type (Hz) Category (Hz)

7–10 I 6.2–8 4

4.5–7 II 4.9–6.2 3

2–4.5 III 2.4–4.9 2

0.1–2 IV 0–2.4 1

3 Methodology

Microtremor data were recorded as single-point measuring

and analyzed by the Nakamura technique (HVSR: Naka-

mura, 1989). To obtain the H /V ratio of the data, we used

SESAME software by applying fast Fourier transform (FFT).

The results were mapped by the inverse distance squared

(IDS) method using Rockworks TM v.15 software package.

The results are fundamental frequency, amplification and

ground vulnerability index (K-g value); theK-g value is ob-

tained by (Nakamura, 1997)

Kg = (A0)
2/F0, (1)

where F0 and A0 are predominant frequency and its ampli-

fication factor, and K-g is an index to indicate the ease of

deformation of measured points which is expected to be use-

ful to detect weak points of the ground (Nakamura, 1997).

For instance, K-g values obtained in San Francisco Bay

area after the 1989 Loma-Prieta earthquake are bigger than

20 at the sites where grounds were deformed significantly

and very small at the sites with no damage (Nakamura and

Takizawa, 1990). However, comparison between K-g values

obtained before the earthquake in 1994 and the damage de-

grees show that places with large K-g values correspond to

the sites with big damage. This suggests thatK-g values rep-

resent the vulnerability precisely (Nakamura, 1997).
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Figure 6. Variograms and anisotropic ellipsoids of the parameters: (a) frequency; (b) amplification; (c) K-g value.

4 Concentration–area fractal model

Cheng et al. (1994) proposed the concentration–area (C–A)

model, which may be used to define the geophysical back-

ground and anomalies. The model is in the following general

form:

A(ρ ≤ υ)∝ ρ−a1
;A(ρ ≥ υ)∝ ρ−a2 (2)

where A(ρ) is the area with concentration values (frequency,

amplification and K-g in this study) greater than the contour

value ρ; υ is the threshold; and a1 and a2 are characteristic

exponents.

The frequency size distributions for islands, earthquakes,

fragments, ore deposits and oil fields often confirm the

Eq. (2) (Daneshvar Saein et al., 2012). The two approaches

which were used to calculate A(ρ) by Cheng et al. (1994)

were: (1) the A(ρ) is the area enclosed by contour level ρ

on a variables’ contour map resulting from interpolation of

the original data using a weighted moving average method,

and (2) the A(ρ) are the values that are obtained by box-

counting of original regional variables’ values. The breaks

between straight-line segments on the C–A log–log plot and

the corresponding values of ρ are used as thresholds to sep-

arate geophysical values into various components, showing

different causal factors, such as lithological and mineralogi-

cal differences, geochemical and geophysical processes and

mineralizing events (Lima et al., 2003; Afzal et al., 2010,

2012; Heidari et al., 2013).

Fractal models are often used to describe self-similar ge-

ometries, while multifractal models have been utilized to

quantify patterns, similarly to geophysical data defined on

sets which themselves can be fractals. Extension from ge-

ometry to field has considerably increased the applicability

of fractal/multifractal modelling (Cheng, 2007). Multifractal

theory can be interpreted as a theoretical framework that ex-

plains the power-law relationships between areas enclosing

concentrations below a given threshold value and the actual

concentrations themselves. To demonstrate and prove that

data distribution has a multifractal nature requires a rather

extensive computation (Halsey et al., 1986; Evertz and Man-

delbrot, 1992). This method has several limitations such as

accuracy problems, especially when the boundary effects on

irregular geometrical data sets are involved (Agterberg et al.,

1996; Goncalves, 2001; Cheng, 2007; Xie et al., 2010).

The C–A model seems to be equally applicable to all

cases, which is probably rooted in the fact that geophysical

distributions mostly satisfy the properties of a multifractal

function. Some evidence shows that geophysical data distri-

butions are fractal in nature and behaviour (e.g. Bolviken et

al., 1992; Turcotte, 1997; Gettings, 2005; Afzal et al., 2012;

Daneshvar Saein et al., 2012).
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Figure 7. C–A log–log plot for the parameters: (a) frequency, (b)

amplification, (c) K-g value.

This idea may help the development of an alternative in-

terpretation validation as well as useful methods to be ap-

plied to geophysical distribution analysis (Afzal, 2012). Var-

ious log–log plots between a geometrical character such as

area, perimeter or volume and a geophysical quality param-

eter like geoelectrical data in fractal methods are appropri-

ate for distinguishing geological recognition and population

classification in geophysical data because threshold values

can be identified and delineated as breakpoints in those plots

(Daneshvar Saein et al., 2012).

5 Application of C–A model

Microtremor data are measured at 160 points in the study

area (Fig. 1) using a three-channel seismometer device

(SL07, SARA Company, Italy). It has a natural frequency

of 2 Hz and natural attenuation of 0.7. This device has a

24-bit three-channelled digitizer, a central processing unit

(CPU) to save records and a GPS receiver. The data were

recorded with a sampling frequency of 200 Hz and the av-

erage recording time of 12 minutes at each station. First, a

mesh was overlaid on the city map to determine the record-

ing points. Then, recording at every point was regularly per-

formed. When any recording point was not appropriate for

recording (e.g. because of the existence of tall buildings),

the point location was slightly shifted to achieve clear data.

Moreover, if any point was approximate to a heavy traf-

fic street, the data were recorded at midnight. During the

recording process, the device was located on level ground

and was balanced. Usually, 10 min is required for any mi-

crotremor recording to record the minimum 1 Hz frequency

(WP12 SESAME project, 2004).

The obtained frequencies, amplifications and K-g values

are illustrated as contour maps applying the IDS interpolation

method (Fig. 4). Areas with different frequencies can be vi-

sually distinguished in the map. The studied area was gridded

by 20× 20 m cells. The evaluated values in cells were sorted

based on decreasing grades, and cumulative areas were cal-

culated for grades. Finally, log–log graphs were plotted to

separate the different populations.

Distributions of the fundamental frequency, amplification

and K-g data are multimodal with mean values of 3.24 Hz,

2.14 and 2.91, respectively (Fig. 5). The separated popula-

tions are clear in their histograms and also, high amounts

of the parameters are lower than their means. The median

were assumed for their threshold values because their dis-

tributions are not normal. The medians are 2.6 Hz, 1.6 and

1.1 for frequency, amplification and K-g respectively. The

median values of these parameters are low for their thresh-

old values. Variograms and anisotropic ellipsoids of the pa-

rameters were calculated to estimate the data influence range

of any point in order of plotting IDS maps (Fig. 6). These

ellipsoids make the results estimated more accurate and we

can determine the direction of the result variations. Based on

the variograms and ellipsoids of the parameters, their major

ranges have a W–E trend. This can be seen in the direction of

soil variations that become more intense from west to east of

the area (Fig. 3).

According to the C–A log–log plots, four populations

were distinguished for the frequency and five populations for

the amplification and K-g which reveals the multifractal na-

ture of the parameters in Meybod city, as shown in Fig. 7.

The multifractal nature of frequency, amplification and K-

g is based on there being more than two straight segments.

The straight segment fitted lines were derived based on least-

square regression (Spalla et al., 2010). All R-squared values
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Figure 8. Data classification based on the C–A method: (a) frequency, (b) amplification, (c) K-g value.

Table 5. Frequency of amplification and K-g classes in every frequency category.

Frequency Amplification classes K-g classes

classes (Hz) < 1.6 1.6–2.7 2.7–5.4 5.4–6 6–10 < 1.2 1.2–4.2 4.2–10 10–19 19–40

6.2–8 4 10 0 0 0 14 0 0 0 0

4.9–6.2 15 5 2 0 0 19 3 0 0 0

2.4–4.9 22 21 12 2 2 28 25 3 1 2

< 2.4 28 18 18 0 1 20 24 16 3 2

Nonlin. Processes Geophys., 22, 53–63, 2015 www.nonlin-processes-geophys.net/22/53/2015/
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Figure 9. Ground type zonation of the region based on Nogoshi and

Igarashi (1970, 1971).

are higher than 0.9 and most of them have R2 higher than

0.95 which indicates a good straight-line fitting of the pop-

ulations (Fig. 7). The power-law relationships between the

geophysical parameters and their occupied areas are shown

in Fig. 7. According to Eq. (2), there are different values for

α which is the fractal dimension exponent, as in Fig. 7. The

variation of fractal dimension reveals the multifractal nature

of frequency, amplification and K-g in the area. Moreover, a

sudden exchange shows different populations in the log–log

plots especially in the last population (Fig. 7). The data dis-

tribution based on the C–A model is shown in Fig. 8. The

sites with high intensity values of frequency are situated in

the central parts of the area and the sites with high-intensity

amplification andK-g are located in the northern and eastern

parts of Meybod city.

Most of the city has frequency lower than 4.9 Hz, generally

between 2.4 to 4.9 Hz. The central part of the city is the only

part with high frequency, as shown in Fig. 8. This indicates

that it is more competent than the other parts. Based on the

resulting frequencies, most parts of the city contain soft soils,

but amplification andK-g quantities are very low, lower than

2.4 and 4.2, respectively.

Table 6. Site effect classification based on the C–A method.

Site Frequency

description (Hz) Amplification K-g

Hard soil, weak rock 6.2–8 < 2.7 < 1.2

Stiff soil 4.9–6.2 < 5.4 < 4.2

Moderately soft soil 2.4–4.9 < 10 ≤ 40

Soft soil 0–2.4 < 10 ≤ 40

6 Comparison between Nogoshi classification and

Fractal modelling results

Site classification of the city is calculated based on the No-

goshi and Igarashi method (1970, 1971) which is a common

classification for microtremor analysis. The basis of this clas-

sification is fundamental frequency; thus, with regard to the

obtained frequencies, the ground type of Meybod is identi-

fied as shown in Table 3 and Fig. 9.

Comparison between the C–A fractal model and Nogoshi

classification shows that the thresholds obtained by the two

methods are similar (Table 4). Indeed it can be said that by

frequency separation resulting from the fractal C–A model,

we can identify minor data anomalies and consequently clas-

sify site effect results more accurately. Therefore, by this ap-

proach other results due to frequency can be classified and

then every category attributed to one specific ground type.

From comparison of the soil zonation maps, it is obvious

that there are five categories for amplification andK-g value.

Meanwhile, there are four categories due to frequency and

ground classification. Generally, the amplification of the city

is low because of very low variation in the soil composition.

Based on the amplification and K-g values (Table 5) of ev-

ery frequency category, appropriate quantities of amplifica-

tion and vulnerability index in any resulting classes of the

C–A fractal model were derived (Table 6). Accordingly, am-

plification and k-g in any frequency category are: lower than

2.7 and lower than 1.2 respectively for frequency between

6.2–8 Hz, lower than 5.4 and lower than 4.2 respectively for

frequency 4.9–6.2 and lower than or equal to 10 and 40 re-

spectively for the other two frequency groups.

Based on the results obtained by shear-wave velocity cal-

culation in the boreholes and results derived via the C–A

fractal model, the velocities were correlated with threshold

values of the C–A model (Table 3).

7 Conclusions

The C–A fractal model is a useful approach in geophysical

analysis to identify anomalies and geological particulars and

this has been proved by numerous studies. Also this method

could be appropriate for geophysical distribution analysis

due to its fractal nature.
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In this study, due to comparing site effect classification of

the area based on Nogoshi and Igarashi classification and fre-

quency categorization resulting from the C–A fractal model,

it is obtained that the C–A fractal model is a useful tool to

distinguish and classify site effect results, so that category

boundaries can be recognized more accurately. We can also

attribute resulting frequency, amplification and vulnerability

index to any site class more confidently. Additionally, the

thresholds derived via Nogoshi and Igarashi classification for

the region were corrected. Accordingly, four site classes were

obtained for the city as follows:

– Category 1 (weak rock, hard soil): frequency 6.2–8 Hz,

amplification lower than 2.7 and vulnerability index

lower than 1.2. This exists at some points in the centre

of the city toward the east.

– Category 2 (stiff soil): frequency 4.9–6.2 Hz, amplifica-

tion lower than 5.4 and vulnerability index lower than

4.2. This exists mostly in the central parts of the city.

– Category 3 (moderately soft soil): frequency 2.4–

4.9 Hz, amplification lower than 10 and vulnerability in-

dex lower than or equal to 40. This exists in most parts

of the city.

– Category 4 (soft soil): frequency lower than 2.4 Hz, am-

plification lower than 10 and vulnerability index lower

than or equal to 40, similar to category 3. This is scat-

tered in different parts of the city such as east and SE,

west and SW, centre and NW.
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