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Estimation of Ground Response Parameters and
Comparison with Field Measurements

P. Anbazhagan, and T.G. Sitharam
(Indian Geotechnical Journal, Vol. 39, No. 3, July 2009, pp 245-270)

Design of seismic resistant structures requires an estimation of the site amplification
during expected earthquakes and also the response spectrum at the ground surface. This
paper summarizes the results of site specific ground response analysis for Bangalore and
comparison of predominant frequency of the soil column with experimentally measured
predominant frequency by ambient noise survey. The subsurface soil profile was
assessed from carefully selected 170 borelogs out of the available 850 bore logs in the
study area of 220 km® The response spectrum and amplification have been evaluated for
each soil layer at corresponding borehole locations based on one-dimensional ground
response analysis. The estimated peak acceleration at ground surface varies from 0.088g
to 0.66g. The natural period of the soil column, peak spectral acceleration (PSA) and
frequency at peak spectral acceleration at each borehole location have been evaluated
and through interpolation they are presented in the form of maps. The period of the soil
column varies from 0.01s to 0.45s, PSA varies from 0.2 to 2.5g and frequency at PSA
varies from 3.2Hz to 20Hz. The northern and eastern parts of the city are in the low SA
zone for all the frequencies. Period of soil column calculated using site response study
and the predominant frequency estimated from field experimental studies are comparable.

KEY WORDS: Site amplification, Peak acceleration, Response spectra, Spectral
acceleration and fundamental period
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Introduction

environment was amply demonstrated by many earthquakes during the last

century. The wide spread destruction caused by Guerrero earthquake (1985)
in Mexico city, Spitak earthquake (1988) in Leninakan, Loma Prieta earthquake
(1989) in San Francisco Bay area, Kobe earthquake (1995), Kocaeli earthquake
(1999) in Adapazari and Bhuj earthquakes (2001) in India are important examples
of site specific amplification of ground motion, even at location far away (100-
300km) from the epicenter (Ansal, 2004). The recent 2001 Gujarat-Bhuj earthquake
in India is another example with notable damages at a distance of 250km from the
epicenter (Sitharam et. al 2001 and Govinda Raju et. al 2004). These failures
result due to the effects of soil condition on the ground motion that translates to
higher amplitude; and they also modify the spectral content and duration of ground
motion. As seismic waves travel from bedrock to the surface, the soil deposits that
they pass through change certain characteristics of the waves, such as amplitude
and frequency content. This process can transfer large accelerations to structures
causing large destruction, particularly when the resulting seismic wave frequency
matches with natural / fundamental frequencies of the structures. Site specific
ground response analysis aims at determining this effect of local soil conditions on
amplification of seismic waves and estimating the ground response spectra for
design purposes. The response of a soil deposit is dependent upon the frequency
of the base motion and geometry, and material properties of the soil layer above
the bedrock (Anbazhagan and Sitharam, 2008b; Sitharam and Anbazhagan 2008).
Bangalore, a fast growing urban center with low to moderate earthquake history
(Sitharam and Anbazhagan, 2007) and highly altered soil formation (due to large
reclamation of land from tank/lake beds) has been the focus of our study. In the
present study, data from about 170 bore holes have been selected out of available
850 bore holes in the study area of 220km? for which standard penetration test
(SPT) “N” values are available. The synthetic ground motion for the each bore log
has been generated using the synthetic ground motion model for Bangalore
developed by the authors (Sitharam el al., 2006 and Sitharam and Anbazhagan,
2007). The soil properties and synthetic ground motion for each borehole location is
further used to study the local site effects using 1-D ground response analysis

Effect of site amplification due to soil conditions and its damage to built
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program, SHAKE2000. The results obtained from this study has been used to
prepare the maps of peak acceleration at ground surface, amplification, period of
the soil column, peak spectral accelerations (PSA), frequency corresponding PSA
and spectral accelerations corresponding to 1.5, 3, 5, 8 and 10 Hz frequency and
also natural period of the soil column. Further, period of soil column estimated in
this study is compared with micro tremor studies for the same area presented by
Srinagesh et al. (2007).

Study Area

The area being studied here is 220km’ area of the Bangalore city, (12° 58"
N and 77° 37" E) situated at 920m above Mean Sea Level (MSL), which is the
principal administrative, industrial, commercial, educational and cultural capital of
Karnataka state, in the South-Western part of India (see Figure1).
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Fig.1 Location of the Selected Boreholes in Bangalore City

Thus Bangalore’s rapid growth has put pressure on its infrastructure and a
dilution in standards of building/ infrastructure construction resulted. Present
constructions include mud buildings to steel construction and RCC framed
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structures ranging from one storied to high rise buildings of more than 20 floors.
The unprecedented level of construction activities of single to multi stories have
generated large amount of subsurface data which are very useful in geotechnical
and site specific studies. Most part of Bangalore region falls in the “older gneissic
complex" formed due to several tectonic-thermal events between 3400 to 3000
years ago; these gneisses act as a basement. Weathering of these rocks have
generated thick overburden comprising of red laterite, red fine loamy to clayey soils
of varying thickness.

Need for the Amplification Study of Bangalore

Bangalore and its vicinity have experienced slight to moderate earthquakes
during historic to recent times. However, these were not considered to be of serious
consequence and these cities, located in relatively stable region were considered
free of earthquake effects. However, the fast pace of development the unscientific
approach of land use, including the reclamation of land (silted tanks and lakes) has
increased the vulnerability of this city, even against a moderate earthquake. The
high density of population, mushrooming of buildings of all kinds, improper and low
quality construction practices unscientific land use and heavy traffic conditions only
add to the damage scenario. This city that once had 150 tanks has reclaimed much
of these silted water bodies for construction activities, leaving only 64 today
(Sitharam et al., 2006). The tanks have now been encroached due to rapid
urbanization are listed in Table 1. These tanks were once distributing better water
supply facilities and they are presently in a dried up condition with the residual silt
and silty sand forming thick deposits over which buildings/structures have been
built. This calls for a study of the amplification of ground motion in Bangalore city.

Table 1 Details of the Lakes that Once Existed in Bangalore and have now been
Encroached due to Urbanization

Now encroached to form a Residential

S No Old Lakes /Industrial layouts

Vidyaranyapura Lake
Gokula Tank
Geddalahalli Lake
Nagashettihalli Lake
Tumkur Lake
Ramshetty Palya kere
Oddarapalaya Lake

0 N O b~ WN -

Ketamaranahalli Lake
9  Kurubarahalli Lake
10 Agasana Lake

11 Jakkarayana kere

12 Dharmambudhi Lake

13 Vijayanagar Chord Rd Lake

14 Marenahallli Lake
15 Sampangi Lake
16 Kalasipalya Lake

Vidyaranyapura(Jalahalli East)
Mattikere

RMV 2nd Stage, 1st Block

RMV 2nd Stage, 2nd Block
Mysore Lamps

Milk Colony (Playground)
Rajajinagar (Industrial Area)
Rajajinagar (Mahalakshmipuram)
Basaveshwaranagar (Chord Road)
Gayathri Devi Park

Krishna Floor Mills

Kempegowda Bus Terminal
Vijayanagar

Marenahalli

Kanteerva Stadium

Kalasipalya
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Now encroached to form a Residential

Sl No Old Lakes /Industrial layouts

17 Siddapura Lake Siddapura/Jayanagar 1 stBlock
18 Tyagarajanagar Lake Tyagarajanagar

19 Kadirenahalli Lake Banashankari 2nd Stage

20 Sarakki AgraharalLake JP Nagar 4th Phase

21 Koramangala Lake National Dairy Research Institute
22 Chinnagara Lake Ellpura

23 Domlur Lake Domlur Second Stage

24 Kodihalli Lake New Thippasandra /Government Buildings
25 Banaswadi Lake Subbayapalya Extension

26 Shule Tank Ashok Nagar, Football Stadium
27 Hennur Lake Nagavara (HBR Layout)

Geotechnical Data

The geotechnical data used in this study is from archives of Torsteel
Research Foundation (TRFI) and Indian Institute of Science (1ISc) during 1990-
2006. Out of the available 850 borelogs, 170 bore logs were carefully selected for
the evaluation of the bed rock depth in each borelog from the rock characterization
tests, selected for the site response study (bore logs locations are marked in
Figure 1). For the 170 boreholes selected in this study the overburden thickness
vary from 1m to about 40m, and with their wide distribution in the study area, these
bore holes are considered to represent the typical features of soil profiles. These
soil types and rock depth are comparable with the shear wave velocity profiles
using seismic refraction survey (Anbazhagan and Sitharam, 2008a; 2009)
Subsurface profile information like unit weight, ground water level, SPT values are
thus obtained and compiled for the above selected bore holes and used for the site
response analysis using SHAKE2000 program, which is shown in Table 2.

Table 2 Typical Input Parameter for Shake Analysis

Layer Soil type Depth  Thickness  Unit Weizght N
No: (m) (m) (kN/m°)  Corrected
1 silty sand with clay 1.5 1.5 20.6 26
2 silty sand with clay 25 1.0 20.6 32
3 silty sand 3.0 0.5 20.6 32
4 silty sand 4.0 1.0 204 37
5 silty sand 4.5 0.5 204 37
6 silty sand 6.0 1.5 20.4 41
7 silty sand 6.5 0.5 20.4 41
8 silty sand 75 1.0 19.0 45
9 silty sand 9.0 1.5 19.0 86
10 silty sand 10.5 1.5 19.0 74
11 silty sand 12.0 1.5 19.0 41
12 silty sand 13.5 1.5 19.0 54
13 silty sand 15.0 1.5 19.0 62

14 hard rock >15 19.0 100
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The ‘N’ values measured in the field using Standard penetration test procedure
have been corrected for various corrections. The detailed N correction and
geotechnical borelogs is presented in Sitharam et al (2007).

Seismicity and Synthetic Ground Motion

Indian peninsular shield, which was once considered to be seismically
stable, has experienced a few earthquakes in the recent past. Large number of
earthquakes with different magnitudes has occurred in this region. Authors have
carried out the seismic hazard analysis for Bangalore city by considering possible
earthquake sources and have developed synthetic ground motion model for
Bangalore (Sitharam and Anbazhagan, 2007). Using the available data on faults,
lineaments and earthquake occurrences, the authors have attempted to identify
potential seismic source in a distance of 350km radius around Bangalore. Authors
have identified a vulnerable source as Mandya-Chennapatana- Bangalore
lineaments (L15, see Figure 1) and evaluated the maximum credible earthquake
(MCE) 5.1 in moment magnitude (Sitharam and Anbazhagan, 2007). Due to lack of
strong motion data in this region, authors have developed synthetic ground motion
using Boore’s model (1983, 2003) program (Sitharam and Anbazhagan, 2007).
Boore (1983, 2003) gives the details of estimating ground motion based on the
Fourier amplitude spectrum of acceleration at bedrock and this is expressed as:

A(f)=C[s(f)]D(f)P(f) (1)

where, S(f) is the source spectral function, D(f)is the diminution function
characterizing the attenuation, and P (f) is a filter to shape acceleration amplitudes
beyond a high cut-off frequency fm and C is a scaling factor. The same model has

been used to generate the synthetic ground motion at 170 borehole locations and
used as input ground motion to the site response study. A typical synthetic ground
motion is shown in Figure 2. The minimum PHA value of 0.07g is obtained
corresponding to a borehole in southeast corner of Bangalore and maximum PHA
value of 0.212g is obtained for the Bore hole location 47 (See Figure 1). The
duration of all the synthetic strong motion is about 3.5 to 5 seconds; spectral
acceleration at rock level is generated for all locations; typical one is shown in
Figure 3.

Site Response

Ground response analyses are used to predict ground surface motions by
evaluating the amplification potential that are used to develop the design response
spectrum. In the present study, equivalent linear one-dimensional ground response
analysis has been carried out using SHAKE 2000 software in which motion of the
object can be given in any one layer in the system and motions can be computed in
any other layer. In equivalent linear approach, the non-linearity of the shear
modulus and damping is accounted by using equivalent linear soil properties by an
iterative procedure to obtain values for modulus and damping compatible with the
effective strains in each layer. In this approach, first, a known time history of
bedrock motion is represented as a Fourier series, usually using the Fast Fourier
Transform (FFT). Second, the Transfer Functions for the different layers are
determined using the current properties of the soil profile.
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Fig. 2 Typical Input Ground Motion used for Analysis
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Fig. 3 Typical Spectral Acceleration at Rock Level

The transfer functions give the amplification factor in terms of frequency for
a given profile. In the third step, the Fourier spectrum is multiplied by the soil profile
transfer function to obtain an amplification spectrum transferred to the specified
layer. Then, the acceleration time history is determined for that layer by the Inverse
Fourier Transformation in step four. With the peak acceleration from the
acceleration time history obtained and with the properties of the soil layer, the
shear stress and strain time histories are determined in step five. In step six, new
values of soil damping and shear modulus are obtained from the damping ratio and
shear modulus degradation curves corresponding to the effective strain from the
strain time history. With these new soil properties, new transfer functions are
obtained and the process is repeated until the difference between the old and new
properties fit in a specified range. The basic approach of one dimensional site
response study is the vertical propagation of shear waves through soil layers lying
on an elastic layer of the rock which extends to infinite depth. The horizontal
displacement due to the vertically propagating harmonic s-waves in each material
is given by:

i(otrkoz, ) iot-kez, )

+B, e (2)

ug(z,t)=Ae

i((ut+k,'zs) i(ml—k:Zs)

+B, e 3)

u, (z.t)=Ae
In the equations subscripts s and r refers to soil and rock respectively.

where u is the displacement, @ is the circular frequency of the harmonic wave and
k* is the complex wave number. No shear stress can exist at the ground surface
(zs=0), so

ou,(0,t) -0, 4)

7(0,t)=G_y(0,t) =G,
0z,
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where G, =G(1-2ip) is the complex shear modulus of the soil, z is the depth,
shear modulus (G), equivalent linear damping ratio (,B )and ¥ is shear strain.

The soil surface amplitude can be obtained as the product of rock outcrop
amplitude and the transfer function, which is defined as the ratio of the soil surface

amplitude to the rock outcrop amplitude. Therefore, the response of soil layer to a
periodic input motion can be obtained by the following steps (ldriss and Sun 1992).

Schnabel et al. (1972) explained that within a given layer (layer j), the
horizontal displacements for the two motions (motions A and B) are given by:

ikz

u (z,t)= (Aje "B )e“”‘ )

Thus, at boundary between layer j and layer j+1, compatibility of
displacements requires that

A +B,, =Ae"" +Be ™ 6)

j+1

Continuity of shear stresses requires that

G*K* ik'z -ik'z
A tB =t (Ae 4B ™ (7)
Gj+1Kj+1
The effective shear stress of equivalent linear analysis is calculated as
}/eff = R;/}/max (8)

Where 7., is the maximum shear strain in the layer and Ry is a strain

reduction factor often taken as

R =g ©

which in, M is the magnitude of the earthquake.

Corresponding soil properties of each layer is modeled by using modulus
reduction (G/Gmax) and damping (B) versus shear strain curves. The degradation
curves proposed by Seed and Idriss (1970) and Schnabel (1973) for sand and rock
are used for the present work.

Input (Object) Motions

Since the strong motion accelerographs are recently installed in the study
area by the authors and also no record of any earthquake is available, for site
response studies, hence it is necessary to use synthetic ground motion. The
synthetic ground motion developed using Boore’s model for the study area by the
authors have been used for site response analysis (Sitharam and Anbazhagan,
2007). Authors have identified some potential sources around Bangalore, and
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have estimated the magnitude of maximum credible earthquake and PGA at rock
level and further simulated synthetic strong motion data by considering regional
seismological factors (Sitharam and Anbazhagan, 2007). In this study the input
rock motions at bed rock have been generated for each borehole location
considering the hypocentral distance from each bore log to the Mandya -
Channapatna - Bangalore lineament and used as input for the corresponding
borehole for site response study. The peak horizontal acceleration (PHA) obtained
for each bore hole locations are used to generate the rock level PHA map, which is
shown in Figure 4. The Mandya-Channapatna-Bangalore lineament passes through
the zone showing PHA greater than 0.2g and as the distance from this lineament
increases the PHA decreases, which is due to the variation of the hypocentral
distance with respect to borehole locations. These results are also comparable with
peak ground acceleration map based on probabilistic approach presented by
Anbazhagan et al. (2009b).
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Fig. 4 Peak Acceleration Map at Rock Level

Ground Response Analysis

The rock motion obtained from synthetic ground motion model assigned at
the bedrock level as input in SHAKE to evaluate peak acceleration values and
acceleration time histories at the top of each sub layer. Response spectra at the top
of the bedrock and at ground surface and amplification spectrum between the first
and last layer at a frequency step of 0.125 are obtained. Typical results obtained for
borehole location 103 (see Figure 1) are illustrated in Figures 5 a-c. The variation of
peak acceleration with depth is shown in Figure 5a. At this borehole, the basement
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is 15m deep, the top 3.5m is composed of silty sand with clay and the layers below
0.0

(3.5m -15m) are made of dense silty sand. The top layer of silty sand with clay
shows highest amplification values, the peak occurring at 0.36s. In the response
spectrum of soil shown in Figure 5b, the first peak of 0.9g occurs at 5Hz and
second peak of 1.1 g at 14 Hz, similar peaks are identified in amplitude spectrum

which is shown in Figure 5c.
amplification ratio occurs at 5 Hz frequency, which is the predominate frequency of

the soil column in that location.
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Results and Discussions

This study based on the borehole data has analyzed the ground response
and its variations in the study area. The parameters obtained from the analysis are
presented as maps, which are developed by interpolating the finite point values
using the natural neighborhood interpolation technique to depict the variation of
various parameters in the study area. The maps represent different parameters of
the site response study and amplification potential of Bangalore. The map shows
the peak acceleration at the ground surface, amplification factor, period of the soil
column, peak spectral acceleration, frequency corresponding to the speck spectral
acceleration and the response spectrum at the ground surface of frequency of
1.5Hz, 3Hz, 5Hz, 8Hz and 10Hz for a 5% damping ratio. The details of parameters
and results are discussed in the following sub sections.

Peak Ground Acceleration

The peak horizontal acceleration (PHA) values at bedrock level are
amplified based on the soil profile at various locations. The peak acceleration
values at the ground surface is obtained from SHAKE and are used to prepare the
peak horizontal acceleration (PHA) map of Bangalore, which is shown in Figure 6.
This PGA value ranges from 0.088g to 0.658g and it is not evenly distributed due to
variation in the soil profile at various locations. The ground acceleration is
considerably large in the areas of tank beds, resulting from the thick layers of silty
sand. These results are comparable with site response using shear wave velocity
and probabilistic approach presented by Anbazhagan and Sitharam (2008c) and
Anbazhagan et al., (2009a).
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Fig. 6 Peak Acceleration Map at Ground Surface

Amplification Factor

Ground motions with high peak accelerations are usually more destructive
than motions with lower peak accelerations thus indicating that regions in this zone
have PGA greater than 0.4g and are seismically more unstable than the other
regions. However, very high PHA values that last only for a very short period of
time and have very high frequencies may cause little damage to many types of
structures. Hence a better estimate of the regions of high seismic vulnerability can
be made by identifying regions susceptible to higher amplification of the bedrock
motion. The term “ Amplification Factor” is hence used here to refer to the ratio of
the peak horizontal acceleration at the ground surface to the peak horizontal
acceleration at the bedrock. This factor is evaluated for all the borehole locations
using the PHA at bedrock obtained from the synthetic acceleration time history for
each borehole and the peak ground acceleration obtained as a result of ground
response analysis using SHAKE 2000. The amplification factor thus calculated
ranged from 1 to 4.9. These results were interpolated as described earlier to
prepare the amplification map.

Bangalore city can be divided into four zones based on the range of
amplification factors assigned to each zone as shown in Table 3. The amplification
factor map for Bangalore city is shown in Figure 7. Lower amplification values
indicate lesser amplification potential and hence lesser seismic hazard. It can be
observed that the amplification factor for most of Bangalore region is in the range of
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2 to 3. From this it can be concluded that most of Bangalore region has a moderate
amplification potential.

Table 3 Zones and Amplification Factor Range

Zone Amplification Factor
| 1.00-1.99
Il 2.00-2.99
Il 3.00-3.99
\Y, >4.00

Latitude, Degree North

‘ 9
77.54E 77.56E 77.58E 77.6E 77.62E 77.64E 77.66E 77.68E
Longitude, Degree East

Fig. 7 Amplification Factor Map for Bangalore City

Zone IV

This is a zone of high amplification potential with the amplification factor
ranging from 4 to 5. A very small part of the city comes under this zone.
Comparison of the variation of overburden thickness in the city map and the
amplification factor map shows that the regions under this zone have an
overburden thickness in the range of 5m to 10m. The high amplification potential in
these regions can be attributed to factors other than the overburden thickness.
Boreholes located in the North Eastern side of the city lies in zone IV. The
amplification factor for these soil profiles is evaluated to be very high due to
presence of clay soil overburden from 2m to 15.5m thickness. This can be
attributed to the fact that this region has a filled up soil of about 4m depth and a
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shallow water table depth of 0.3m which considerably increases the ampilification
potential. The soil profile in the North-West part of the city (Borehole 121) also
shows a filled up soil depth of about 1.5m causing high amplification factor of 4.3.
Soil profiles at boreholes 118 and 122 also reveal a shallow water table depth of
1m to 2m and a filled up soil of 1.5m causing the small region of high amplification
in the South-East part of the city. The borehole 1-4 which is located in the north-
central region has a high amplification factor of 4.2 which can be attributed to the
presence of 6m overburden of silty sand with mica.

Zone lll

The area under this zone also has a considerably large amplification
potential. The bore logs located in zone Ill have low average shear wave velocities
as calculated from the SPT values when compared to the boreholes in the other
zones. Borehole number 109 which is located in the southern tip of the city has an
overburden of 9m but has a considerably high amplification factor of 3.5. This may
be due to the presence of a shallow water table depth of 2.7m. Hence the
amplification factor map shows a region of zone Il in the southern part of the city.
This is clearly illustrated in the amplification factor map as a patch of zone Il in the
northern- central part due to shallow water table. The high amplification in the
Eastern stretch of the city may be due to the presence of dried and encroached
lake beds.

Zone ll

Most of the area in Bangalore comes under this zone with an amplification
factor of 2 to 3. The borehole 82 has an overburden of 11m with the water table at
the ground surface. It has an amplification factor of 2.5 both due to high overburden
and shallow water table depth. The borehole 60 which is located in the north-
eastern part of the city has an overburden of 21m with the water table at a depth of
2m from the ground surface. The upper 13m consists of clayey sand which is
followed by weathered rock and the soil profile having an average shear wave
velocity of 278m/s. Variation of peak acceleration with depth plots shows that much
of the amplification occurs in the upper 13m as compared to that occurring in the
weathered rock layer. The other parts of the city in the south-eastern and north-
western region which are in this zone have an amplification factor of 2.5 to 2.9.
Most of the boreholes located in this region have a shallow water table depth
ranging from 0.15m to 5.4m. The soil profile at the borehole location of 90 shows
an amplification factor of 2.7. At this location, the overburden consisted of a 16m
thick silty sand layer with a high average shear wave velocity followed by soft rock.
There was also no trace of ground water till 16m.

Zone l

The regions under this zone exhibit a relatively low amplification potential of
1 to 2. This zone extends predominantly in the central region of the city and also
includes the northern tip of the city. The northern tip of the city has a very low
overburden of 1m to 2m and hence has a low amplification potential. A cluster of
boreholes (2, 3 and 7) were analyzed in this region. The water table was not
encountered here and the rock depth varied from 1m to 2m. The average shear
wave velocity obtained at these borehole locations are relatively higher than that
obtained for other boreholes. All the above factors result in a low amplification
potential in this region. The phenomena of soil amplification results in transfer of
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larger accelerations than rock level acceleration to structures and causes
destruction particularly when the resulting seismic wave frequency matches with
the resonant frequencies of the structures. Hence, considering the amplification
factor, the regions in zones | and Il can be classified as seismically more stable
when compared to the zones Ill and IV.

Amplification with Overburden Thickness

Map of overburden thickness of soil column at these borehole locations has
been prepared and compared with the amplification potential. Figure 8 shows the
variation of rock depth in the city. This map has been prepared based on the
geotechnical information obtained from selected 170 boreholes in the study area of
220 km?. This plot corresponds very well with the data of overburden thickness
from 850 boreholes. The northern tip of the city which has a low overburden of 1m
to 5m also has a low amplification factor and lies in zone | (see Figure 8).
However, most of the regions in zone IV and zone Ill have an overburden thickness
in the range of 5m to 10m. Also, the regions of high overburden (>20m) lie in zone |
or zone |l thus not depicting risk of high amplification. Hence, it can be concluded
that amplification of seismic waves depends not only on overburden thickness but
also on various other factors like the frequency of the input motion, average shear
wave velocity of the soil profile and water table depth similar to the observation of
Destegul (2004) in Lalitpur, Nepal. It was also observed that the PGA value was
decreasing for greater thickness of soil overburden.
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Fig. 8 Map Showing Variation of Rock Depth in Bangalore City
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Period of Soil Column

Results obtained from the site specific ground response analysis show that
the natural periods are in between 0.01s and 0.45s with about 85% of the locations
having a period below 0.2s. Figure 9 shows the variation of the period of soil
column at various locations. The major part of the study area has the soil column
period less than 0.3s. Lower period of soil column correspond to lower amplification
factor. The lower period of the soil column may be as a result of higher damping of
the soil. However, the surface accelerations are high in many locations (see Figure
6). This result is attributed to the characteristics of the frequency content of the
ground motion generated. The frequency content of a real event can be different
from the frequency content of the synthetic ground motion used in this study.
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Fig. 9 Variation of Period of the Soil Column at Various Locations

Peak Spectral Parameters

The earthquake amplitudes are represented usually by the peak ground
acceleration; however for the structural designs in the building codes the most
widely used parameter is spectral acceleration and corresponding
period/frequency. Peak spectral acceleration (PSA) and frequency corresponding
to PSA of each borelog from site response study has been computed. Peak
spectral acceleration varies from 0.2g to 2.5g which is shown Figure 10. North
western part of the study area has higher spectral acceleration when compared to
the south eastern part of the study area. Figure 11 shows that the frequency
corresponding to the PSA varies from 3.2Hz to 20Hz. Major part of the study area
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have the frequency content of 5Hz to 15Hz. The period of the soil column
distribution map (Figure 9) matches with frequency distribution map at PSA.
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Response Spectra at Ground Surface

The frequency content of an earthquake motion will strongly influence the
effects of that motion and hence the PGA value by itself cannot characterize the
ground surface motion. A response spectrum is used extensively in earthquake
engineering practice to indicate the frequency content of an earthquake motion. A
Response Spectrum describes the maximum response of a single-degree-of-
freedom (SDOF) system to a particular input motion as a function of the natural
frequency/period and damping ratio of the SDOF system. It represents in a single
graph the combined influences of acceleration amplitudes and frequency
components of the movement. Since the time history of the seismic excitation in a
certain site is characterized by the corresponding response spectrum, the
differences among the time histories of the movements at different places can be
analyzed by the comparison of their response spectra. The acceleration-time
histories at various depths are obtained as a result of ground response analysis
and these motions can be characterized by the corresponding response spectra.
The ground surface response spectra for all the 170 borehole locations were
plotted with 5% critical damping value. The spectral acceleration (SA) values for all
the locations at 1.5 Hz, 3 Hz, 5Hz, 8 Hz and 10 Hz are computed and presented in
Figures 12-16. The above frequencies were selected as they represent the range of
natural frequencies of tall buildings to single storey buildings (Day, 2001; Govinda
Raju et.al, 2004) and are hence suitable for all kinds of construction in the city.

&3 N
13.04N- i =
Q K2
O W*{V G"ﬁ'E
O Ea W [N

13.02N Y =
< 0.07g
5
k) 13N =
(0] -
9] S= o | 100559
D 12.98N- -
a
(0]
= —0.04g
£ 12.96N =
@®
|

—0.02g
12.94N- o
12.99N- ~-10.013g

T T T T —— T T T T
77.54E 77.56E 77.58E 77.6E 77.62E 77.64E 77.66E 77.68E
Longitude, Degree East

Fig. 12 Spectral Acceleration Map of Bangalore at 1.5 Hz Frequency
At 1.5 Hz frequency, the SA values are very low and varies from 0.01g to

0.07g for all the locations which is shown in Figure 12. The SA map at 1.5 Hz
frequency shows that there is not much variation of SA values and most of the area
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in the city has a SA value between 0.02g to 0.04g at this frequency. The SA values
vary over a wide range from 0.03g to 0.54g at 3 Hz frequency. Figure 13 shows the
variation of these values at different locations.
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Fig. 13 Spectral Acceleration Map of Bangalore at 3 Hz Frequency

A major part of the city lies in the range of 0.1g to 0.2g. Zones of high SA of
above 0.3g are observed in the northern and south-west part of the city. The central
part of the city also has a SA greater than 0.2g at this frequency. The entire region
can be divided into 5 groups based on the SA values at 5 Hz frequency as shown
in Figure 14. The SA at this frequency varies from 0.08g to 1.14g and is unevenly
distributed around the city with a major region having a SA in the range of 0.3g to
0.5g. Maximum SA for this frequency was 1.14g at borehole 88 located in the
northern part of the city. Figures 15 and 16 show the variation of SA corresponding
to the frequency of 8Hz and 10Hz respectively. A comparison of these figures
shows that the distribution of SA at 8 Hz and 10 Hz is considerably similar in the
city. The SA varies over a wide range between 0.17g to 2.17g at 8 Hz frequency
and between 0.18g to 1.88g at 10 Hz frequency.

The lower spectral acceleration results from very low amplification. The
borelog wherein SA of 0.17g is obtained is shown in Figure 17. Soil layer is very
thin silty sand resulting in the lower amplification as well as lower SA. Figure 18
shows the borelog where in, the estimated SA is more than 2.1g. The soil
overburden is considerably large in this region (10m to 15m) and also the borelog
shows that thick layer of clayey sand is present. The soil found in this region has
the liquid limit of more than 30 representing cohesive nature which might have
caused the higher SA values at higher frequencies. The northern central region
lies in the range SA above 0.8g at both the frequencies.  The northern and the
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BORE LOG
Date of commencement 03.09.2002
BH No 2 Date of completion 03.09.2002
Ground Water Table Not encountered
Depth Soil Description Thickness| Legend | Details of Sampling SPT
Below of Strata Type Depth N Value
GL(m) (m) (m)
SPT 1.0 25/35/40
0.0
Reddish/Yellowish
1.0 Silty Sand 1.0 SPT 20 15/22//45
Reddish/yellowish SPT 3.0 20/32//50R for
2.0 sandy silt 5cm Penetration
Weathered rock SPT 4.5 75R for
4.5 no Penetration
5.0
SPT 6 75R for
6.0 5 no Penetration
Hard Rock —
Below il SPT 75 75R for
6.om (1111 no Penetration
Note
SPT Standard Penetration Test R Rebound

Fig. 17 Bore log of the Borehole
where in Estimated Spectral Acceleration of 0.17g for 8Hz
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BORE LOG
Date of commencement 28.8.2003
BH No 77 Date of completion 29.8.2003
Ground Water Table 1.5m
Depth Soil Description | Thickness| Legend | Details of Sampling SPT
Below of Strata Type Depth N Value
GL(m) (m) (m)
0.0 d SPT 1.5 3/4//6
Brownish Silty sand 4 UDS 2.0
1.5 1.5
SPT 3.0 7/10//12
3.0
4.0 SPT 45 12/2//24
Brownish/greyish
6.0 Clayey sand 4.5
7.0] Greyish silty sand/
Sandy silt with mica SPT 6.0 14/13/27
8.0
SPT 6 20/30/33
9.0
SPT 7.5 75R for 3cm
Penetration
10.0 4
Weathered Rock SPT 9 75R for
Starts no Penetration
1.5
Note
SPT Standard Penetration Test R Rebound

ubs Undisturbed Sample

Fig. 18 Borelog of the Borehole
where in Estimated Spectral Acceleration of More than 2.1g for 8Hz

eastern parts of the city lie in the lower SA zone for both the frequencies. The
south-west part of the city lies in a lower range of 0.1g to 0.4g at 8 Hz frequency
but lies in the higher range of 0.5g to 0.8g at 10 Hz frequency. From the SA maps,
the northern and eastern parts of the city are in the low SA zone at all frequencies.
These results are complied with other parameters and integrated for preparation of
final microzonation map to the study area (Sitharam and Anbazhagan, 2008;
Anbazhagan et al., 2009c). The above analysis is based on the synthetic ground
motion generated at each location and may vary if the soil column is subjected to
different input motions.
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Comparison with Experimental Studies

To validate the findings from this study, an attempt has been made to
compare the estimated period of soil column using SHAKE with experimentally
measured dominant frequency in Bangalore. The period of soil column is inversely
related to the frequency of the soil column. Srinagesh et al (2007) carried out the
ambient noise survey for a selected period of duration at 64 different locations in
Bangalore. Most of the locations are also close to the borehole locations. They
have measured ambient noise at 100 samples/sec using instruments having L4-3D
short period sensors equipped with Reftek 24 bit digital acquisition systems. The
ambient noise recorded was analyzed using the JSESAME software. The H/V
processing module of the JSESAME software was applied on the ambient noise
data with necessary initial offset correction and Fourier spectra was computed
using the algorithm by Konno-Omachi (Srinagesh et al 2007). They have used the
average spectral ratio, H/V of the horizontal components for obtaining the
fundamental frequency. The fundamental/predominant frequencies observed in
Bangalore range between 1.2 Hz -10 Hz and are shown in Figure 19. Based on the
analysis (Figure 19), authors have divided the study area into three different
regions with the western part being characterized higher dominant frequencies 6
Hz to 8 Hz. In contrast, the region to the east of 77.56° E longitude is characterized
by lower dominant frequencies. Most of the dominant frequencies range between 3
to 4 Hz though they range between 1.2 Hz to 6 Hz. However, there are areas within
the regions of lower frequency which are characterized by higher dominant
frequencies which range between 8 to 10 Hz.
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Fig. 19 Dominant Frequencies with Measured Locations
using Noise Survey (after Srinagesh et al., 2007)

Natural frequency of soil is inversely proportional to the natural period of soil
column. Here the fundamental frequency from the experimental studies shown in
Figure 19 is compared with the natural period of the soil shown in Figure 11. South
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western side and northern side have the higher frequency which matches well with
the lower period. Central part of study area has fundamental frequency of 3.5 Hz to
7.5 Hz, which matches well with the period of soil column corresponding to 0.2s to
0.3s. Major part of study area covered has fundamental frequency of 5Hz to 10Hz,
which matches well with the period of 0.1s and above. This clearly shows that the
fundamental frequency of soil column measured using ambient noise survey
matches well with the fundamental period mapped using site response analysis.

Conclusions

An attempt has been made to estimate the amplification potential at various
locations in Bangalore. The ground response parameters are evaluated considering
the local site conditions in combination with the rock level motion. The synthetic
bedrock motion generated for the selected 170 boreholes locations and the soil
profile details from borehole information were considered as input and site specific
ground response analysis was done for 170 locations in Bangalore using SHAKE
2000. The acceleration time history at the ground surface is obtained as output and
was characterized by the PHA and the response spectra. The PHA at ground
surface varies from 0.088g to 0.658g. The high value of surface accelerations at
some locations may be due to the frequency of the base motions coinciding with
that of the fundamental frequency of the soil column. The amplification factor which
is a measure of amplification potential of the soil column was computed using this
PHA and the peak acceleration at rock level. The range of amplification factor was
1 and 4.9. The high amplification factor at some locations is due to the presence of
filled up soils and silty sand deposit in the silted tank beds, shallow water table
depths and low SPT values which results in low average shear wave velocities.
Thus, amplification of seismic waves depends not only on overburden thickness but
also on various other factors like the frequency of the input motion, average shear
wave velocity of the soil profile and water table depth. The results are reported as
amplification factor map indicating zones of high vulnerability. The regions in zones
I and Il are seismically more stable than the regions in zones Il and IV. Most of the
area in Bangalore lies in zone Il. Results obtained from the ground response
analysis show that the natural periods of the analyzed deposits are in between
0.01s and 0.45s with about 85% of the locations having a period below 0.2s. The
response spectra for 5% damping at the ground surface obtained for all the
borehole locations clearly indicate that the range of spectral acceleration at
different frequencies varied over a wide range. The peak spectral acceleration
varies from 0.2g to 2.1g and frequency corresponding PSA varies from 3Hz to
20Hz. At 5% damping, the range of SA at 1.5 Hz frequency was 0.01 g to 0.07 g,
at 3 Hz frequency it was in the range of 0.03 g to 0.65 g, while at 5 Hz frequency it
was in the range of 0.08 g to 1.14g. The natural period of the soil column mapped
in this study can be well compared with the experimental studies using ambient
noise survey.
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