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Abstract. India being a large subcontinent is prone to traumatic earthquakes
causing remarkable destruction to property, life and hindering the development
of urban areas. Since past few years the issue of earthquakes has been men-
tioned by many researchers and agencies. Hence dynamic site characterization
is considered as a primary step in any seismic zonation process and it is inclu-
sive of seismic, geotechnical and geological characteristics of the site which
gives a preliminary idea of future seismic hazard. In this research paper, an ef-
fort has been made to dynamic site characterization of the city of Vishakhapat-
nam (India) along with dynamic analysis of a pile supported wharf structure lo-
cated in the study area.

Dynamic site characterization includes ground response analysis which helps
in assessment and estimation of local site effects such as liquefaction, settle-
ment of ground, ground deformation, amplification or attenuation of ground
motion. Therefore, site characterization and response studies that are a subset of
micro zoning process provide us with most important outcomes for the hazard
estimation process of a particular region. The basic purpose of dynamic site
characterization is rupture mechanism modeling at a particular source, evaluate
the wave propagation from the bedrock to the surface, estimate the effect of site
conditions and therefore develop a map quantifying the hazard and susceptibil-
ity of the study area. Site specific dynamic characterization is helpful in design
of buried lifelines such as oil pipelines, sewage and water lines, LPG carrier
pipelines, power plants and seismic design of other prominent civil engineering
structures.

In the current research dynamic site characterization has been carried out for
the city of Vishakhapatnam, Andhra Pradesh (India) using geotechnical, geo-
logical and seismotectonic data. Further a pile supported wharf structure is con-
sidered in Vishakhapatnam port to study the dynamic behavior and performance
analysis of the structure under local site conditions. Wharfs are the structures
that are constructed parallel to the shore for mooring of ships. Any damage due
to an earthquake to wharfs and berths may lead to inefficiency in port opera-
tions. Seismic performance analysis of pile supported wharf is the most ne-
glected and unaddressed part in codal provisions of many of the countries.
Seismic vulnerability analysis also provides a framework to assess the both the
performance of the system and economic issues on a whole..

Keywords: Dynamic, Microtremor, pile foundation, wharf, ground response.

Theme Lecture 10 172



Neelima Satyam and Putti swathi Priyadarsini

1 Introduction

Stable central region of Indian peninsula has been considered as a seismically inactive
zone earlier before the devastating seismic events of Koyna (1967 Mw = 6.0), Bhad-
rachalam (1969, Mw = 5.7), Latur (Maharashtra) (1993, Mw = 6.2) and Jabalpur
(1997, Mw = 6.1) Bhuj (2001, Mw = 7.7) earthquakes. Historical cases of seismic
events in sea ports have shown vulnerability of wharves to threatening earthquakes
along with Tsunami right from 325 BC Makran Subduction Zone earthquake (North
Arabian Sea) to the recent Tohoku (Japan) March 11, 2011 [1]. The Great Indian
ocean earthquake (2004) which damaged many ports across Andaman and Nicobar,
Indonesia , Sumatra, Bali as well as in India. Though earthquake has lower probabil-
ity of occurrence it imposes higher risk to port structures therefore seismic vulnerabil-
ity assessment of such structures is highly essential. Thus increasing seismicity in
Vishakhapatnam along the coast of Bay of Bengal motivated the authors to carry out
dynamic site characterization of Vishakhapatnam urban along with Non- linear analy-
sis of pile supported wharf structure in Vishakhapatnam sea port. Seismic hazard
assessment, response analysis, liquefaction susceptibility and microtremor testing
have been carried out to estimate the predominant ground acceleration, frequency and
amplitude of the soils at different locations and hazard maps have been generated
from the results of the study.

The most meticulous method for estimating seismic response of a pile supported
wharf in terms of inelastic rotations and displacements in plastic hinges is nonlinear
time history analysis. As per PIANC [2] guidelines, minimum five spectrum records
are recommended. Earthquakes with normal faulting mechanism have been chosen
based on the site specific response spectra. The site specific response spectra con-
structed based on the seismic hazard and local site conditions have shown a variation
of 50% when compared with the response spectra provided by Indian seismic code
[3]. Hence 5 earthquake events have been selected based on the response spectra and
the accelerograms are scaled for PGA varying from 0.1 to 0.5g.Seismic response of
the wharf is obtained in terms of maximum displacement.

2 Details of The Study Area

Visakhapatnam (Andhra Pradesh) is one of the important and largest port city of India
and is also the most densely populated. Local site effects because of sandy and clay
sediments are characteristic of the whole city area. Visakhapatnam urban covers an
area of 160sq.km (Fig.1). The city extends between 17° 40'30"—17°45'N and longi-
tudes 83°11'-82°20" E. The topography of the city is undulated with hills character-
ized by Eastern Ghats. Major mineral groups available are Khondalites followed by
charnockites, quartzites and pegmatities [4]. Red soils, sandy soil, clay and gravel
loams are the different soil types identified throughout the city. Groundwater table in
the city ranges from 3m to 14m. deeper water levels (>6m) below ground level are
identified in North and Eastern parts of the city and shallow water levels of (3-6m) in
western and southern locations.
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The city is categorized as seismic zone II as per IS 1893:2016 [3] with a zone fac-
tor of 0.1g. About 107 low to moderate magnitude earthquakes (1967-2018) have
been recorded in about 300Km radius from the city with a magnitude ranging from
2.1 to 5.2. The coast of Bay of Bengal is considered to be a weaker zone with neo-
tectonic activities establishing since recent past [5].
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Fig. 1. Location map and political boundaries of Vishakhapatnam (India)[4]

3 Dynamic Site Characterization

Huge research work has been carried out on dynamic site characterization and found-
ed on the different experimental and analytical techniques for the same. It has been
observed that though many site specific studies have been conducted in many parts of
the world, they are still important for development of infrastructure in a particular
location. Therefore in this study site specific dynamic characterization has been at-
tempted along with dynamic response analysis of a pile supported wharf structure
using the dynamic parameters. Dynamic site characterization comprises of seismic
hazard analysis, 1-D ground response analysis, microtremor testing and liquefaction
susceptibility analysis.

3.1 Probabilistic seismic hazard assessment

The seismic hazard analysis alludes to forecasting robust strong ground motion ex-
pected at a particular site. This is often necessary for seismic design of structures or
for judging the performance of existing structures at a given site during a seismic
event. One vital application of hazard analysis is that the development of hazard maps
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of a region for generalized applications [6]. Such maps are helpful in designing the
earthquake-resistant structures. Ground motion is characterized through hazard pa-
rameters at a particular region by estimating annual rate of occurrence.

Seismic history, seismo-tectonics of the region earthquake frequency from potential
sources, maximum magnitude, attenuation of strong motion etc., are accounted in
seismic hazard models (Figure 2)[7]. A total of 107 seismic events that took place in
and around the study area in a span of 190 years (1828- 2018) are considered for
analysis. The hazard parameters are found to be a= 2.45 and b= 0.69 (Fig. 3) using
Kijko-sellovel [8] approach as the seismic data is found to be incomplete due to una-
vailability of seismic records.
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Fig.2. Map showing seismic sources within 300km radius of the study area [4]
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From the results, it has been observed that the seismic hazard parameters a, b found a
good match with the values from the past research carried out for south or peninsular
India. Many of the researchers have established hazard parameters for specific regions
across India. The parameters that define the regional recurrence from the current
study matches well with past studies i.e., Kaila et al.[9] also suggested b value of 0.7
for peninsular India. Jaiswal and Sinha[10] have suggested value of b is 0.88+ 0.7and
according to Ram and Rathore [11] the values are a=4.58 and b= 0.891.Apart from the
above mentioned studies, Sitharam and Anbazhagan[12] have conducted probabilistic
hazard estimation for Bangalore (zone-II) [3] and provided the value of “ b” to be in
the range 0f 0.62 - 0.98.
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Fig. 3. Frequency - magnitude distribution plot using Kijko-sellovel method[8]

Many researchers developed region specific attenuation relationships from their stud-
ies since past, to determine the spectral acceleration (Sa/g) and PGA. The ground
motion prediction model (GMPE) gives the variation of ground acceleration with
respect to damping ratios and vibration periods for a given magnitude (Mw) and dis-
tance (R). In this research hazard curves have been generated for the five potential
faults at bed rock level as shown in figure 4. Hazard curves with exceedance probabil-
ity of 0.1 in 50 years for 475 years return period have been evaluated. As the site is
situated in South India, the attenuation relationship given by Raghukanth and Iyengar
[13] for peninsular India has been adopted here for hazard curve generation.

In(Yr) = C1 + G2(M-6) + C3(M-6)? — In(R) — C4R + In(gpy) (1.0)

Yuirefers to spectral acceleration (Sa/g) or PGA, M is the moment magnitude whereas
R and &, refers to hypo central distance and error in regression.Ci, C,, C3, C4 are the
site specific constants given by Raghukanth and Iyengar [13]for south India region.

Five potential sources (faults and lineaments) are considered in hazard assessment for
developing hazard curves using Raghukanth and Iyengar’s[13] ground motion predic-
tion equation and response spectra (Figure 4).The hazard map of the study area have
been developed for a structural time period of 0.1 and 0.2 sec. for a probability of
10% . Higher ground accelerations are expected in the fault and shear zone locations
as shown in figure 5.
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Fig.5. Hazard maps of the study area from PSHA
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3.2  Equivalent linear ground response analysis

Wave propagation in 1-D approach is predominantly used for site response with pre-
cise results [14]. Here in this research, site response using equivalent linear approach
has been conducted, with the initial conditions that the soil in the site is horizontally
layered and single damping and stiffness values are used at every frequency compo-
nent through DEEPSOIL [15]. Damping ratio curves and shear modulus are defined
using discrete points. Damping ratio is given to be 5% and shear modulus is interpret-
ed in terms of strain.
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Fig. 6. 2001 Bhuj Earthquake ground motion (Scaled)

For the response analysis, 60 locations with 248 boreholes are considered and the
input parameters given are acceleration time history, shear wave velocity of the soils
and other dynamic soil characteristics. Bhuj (2001) accelerogram (Fig. 6) of magni-
tude Mw = 7.7 is used for the analysis with a Peak acceleration of 0.107g for a dura-
tion bracketed for 19.98 sec. The geotechnical parameters required are obtained from
borehole exploration data. Material properties of each layer of soil are modeled by
using modulus reduction and damping versus shear strain curves. Fast Fourier trans-
form (FFT) is carried out and analysis is done for 5% damping.

The Peak Ground Acceleration (PGA) at surface is found to be in the range of 0.08¢g
to 0.14g. Peak spectral amplification factor (PSA) is in the range of 1.0 to 1.6. Ampli-
fication factor increased at locations with shallow ground water level leading to the
predominant increase in PGA at the surface. PGA values have been used to character-
ize the study area into different soil classes as shown in figure 7.
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Fig. 7. Acceleration hazard maps at Surface and bed rock

3.3  Microtremor testing

Determination of dynamic soil characteristics using microtremor testing has been
widely used since 1980s. But the existing standard spectral ratio method needs a ref-
erence site near to the site of interest for testing which may not be possible and easy
to choose in complex geological and environmental conditions. There after horizontal
to vertical spectral ratio (HVSR) method has been provided by Nakamura [16] and
gained importance because of its simplicity. Both standard spectral ratio and HVSR
methods give precise results [17] but HVSR method is adopted most the times. Refer-
ence site selection is not required while taking recordings, which will be advanta-
geous in densely populated cities. The consistency of HVSR method has been validat-
ed by different researchers by comparing the outcomes with the strong motion records
analysis [18-21].
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Fig. 8. Instrument set up and microtremor test locations in the study area

A maximum frequency of 10Hz has been considered as cut off frequency for analysis
and a classification has been proposed based on geotechnical characteristics, type of
the frequency amplitude spectrum and values of frequency and H/V amplitude [22].
Initially the sensor should be leveled upon the ground to avoid baseline errors and
ambient noise should be recorded for a duration of 1 hour with 10 seconds of before
and after event time. Testing has been carried out at 75 different locations (Fig. 8)
scattered all over the city. One vertical and two horizontal components of movement
were recorded at every test location from Bheemili to Anakapalli.
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Fig.9. Predominant Frequency and amplitude maps of the study area
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The study area has been classified into three different zones based on the frequency
and amplitude values as shown in Figure 9.

Potential risk zones with local geology have been identified in the study area from the
results through hazard maps (Fig. 9). Resonance effect of the structure and the foun-
dation soil can be identified easily and further critical height of the structure can be
decided to avoid resonance. It provides a fundamental basis for seismic hazard as-
sessment and response analysis in densely populated urban areas where there is diffi-
culty in utilizing conventional seismic techniques.

4 Dynamic Analysis of Pile Foundation System of Wharf
Structure Using Local Site Conditions

The Port of Visakhapatnam is capable of super cape handling and is the deepest con-
tainer terminal among the other major ports. It has fully automatic mechanized facili-
ties for handling container cargoes and other import and export activities. The select-
ed wharf in this study is 560m long with 50mm expansion joint provided at every
50.64 m, 33.45m wide, and currently houses 150000 DWT container vessels. It con-
sists of 10 individual units with 50 mm expansion joints provided every 50.64m, con-
structed with precast / in-situ RCC beams and deck supported on bored cast in situ
piles. The thickness of the deck is 0.2 m with a wearing coat of thickness 0.2m on the
top; pile spacing is 4.0 m in the longitudinal direction and it varies according to the
crane length in the transverse direction.

Deck slab with wearing coat
B, NA YA 'V*Fﬁzﬁrﬁ“)‘"" R 7
I LAY/ MainBeam o A Al [} | X
= . d‘-ﬁ = = i . z
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M 72
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Fig.10. Cross-sectional Details of the wharf structure

A total of seven grids of piles with different cross-sectional details are present to sup-
port the wharf system. The Layout of the structure is given in figure 10. The details of
the pile grids has been given in Table -1.The plan of the wharf structure considered
has been shown in the Fig. 11.

Land side
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Longitudinal Beam
(800 x 1200)

7

Crane Beam (1300 x 1700)

= ‘ront ctane beam (1900 x 3000)

Fagia beam (900 3000)]

Sea Side

Fig. 11. Plan of the wharf structure considered for the analysis
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4.1 Numerical modelling and analysis

Sap 2000 has been used for modelling of the piles and deck system. As the deck
bottom is precast spanning in the direction of secondary beams of pile grids A to
G, loads from deck slab will be therefore transferred to secondary beams from
main beam. piles are modeled using beam elements, rigidly connected to the deck.
Winkler’s model has been employed to model the effect of soil supporting the pile
system. Soil has been represented using spring elements. linear springs (Figure 12)
have been used to account the soil structure interaction. Springs are distributed
along the length of pile by newmark’s distribution. The time period of the structure
comes out to be 0.06273 sec from modal frequency analysis.

Fig. 12. Modelling of Pile-Soil system in SAP2000
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Fig. 13. Moment curvature curve for the critical pile grid -C
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Figure 13 shows the cross-section and reinforcement details of the piles of grid -
C and the moment—curvature curve, calculated using section designer of Sap
2000. Mander concrete model and simple bilinear steel model is used in the present
study to define hinge properties and perform initial pushover analysis. User defined
hinges have been assigned at both the ends of the pile and also the beams to capture
the plastic rotation.

Grade C Grade B Grade A Grade S

IV: Collapse

II1: Near Collapse

II: Repairable

Level of Damage

/

/

I: Servicy&

L1 L2 Design Earthquake Motions

Fig. 14. Schematic figure of performance grades S, A, B and C (PIANC, 2001)

P-M2-M3 and M3 hinges have been assigned to the piles and beams respectively.
Pushover analysis is performed to obtain the displacement bounds for various levels
of earthquakes as per the guidelines given by PIANC [2] (figure 14).

4.2  Site specific response spectra

ATCA40 [23] and PSHA report of National Disaster Management Authority [24] rec-
ommends site specific hazard analysis for D type soil, for three levels of earthquakes
i.e. L1, L2, and L3. The construction of spectrum requires site specific mapped spec-
tral accelerations for short period - S, at 0.2s and long period - S; at 1s for a return
period of 2475 years for 5% damping on rock level, which is 0.176g and 0.048 g re-
spectively as shown in Table 1. Rest of the procedure is followed as per the section
11.4 of ASCE 7-05 [25]. Fig. 15 shows the site specific spectra obtained for L1, L2,
and L3 earthquakes.
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Table 1. Computed Horizontal component of spectral acceleration for 5 % damping on Type A
rock level at selected site

Time Period Spectral Acceleration (g)
(Sec)
Level III - L3 Level I - L2
0 0.106 0.07
0.05 0.11 0.123
0.1 0.125 0.176
0.2 0.264 0.096
0.5 0.144 0.069
1 0.072 0.048

The peak ground acceleration values obtained at the site for DBE and MCE are 0.19g,
and 0.279g respectively. The values for the site (zone II) as per the default spectra of
the Indian standard IS1893 for DBE and MCE are 0.05g and 0.1g. Indian standard
does not provide ground motion values for SE.

0.3 -
——MCE
] —— DBE
—— MCE(IS-1893)
0.2 —— DBE (1S-1893)

PSA (g)

0.1

0.0 T T I
0 2 4 6 8

Time (Sec)

Fig.15. Comparison of spectra obtained as per site and IS-1893

The variation in spectral acceleration values as per site specific spectra with respect to
IS1893 part-1[3] is nearly 52% for DBE and 12% for MCE. The Indian standard thus
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underestimates the ground motions for the site. It is felt that site specific spectra for
special structures are essential and revision is recommended in the Indian standard.

4.3  Selection of ground motions

Owing to the absence of past earthquake records for the selected site, five earthquake
events were obtained from the PEER [26] ground motion database website, having
similar topographical features, soil conditions, magnitude, fault type, and distance
from source of earthquake. Clause 17.3.1 and 17.3.2 of ASCE 7-05 [25] for selection
of earthquake records have been taken in to consideration. Spectral acceleration v/s
time plot for the selected 5 earthquake events is shown in Fig. 16. The earthquake
records are normalized and then scaled to the desired intensities for fragility analysis.

—EQ1
e EQ2
—FEQ3
—EQ4
—EQb5

PSA (g)

o 3 5 8 10 13 15 18 20 23 25
Time Period (sec)

Fig.16. Spectral Acceleration V/S Time Plot For The Selected 10 Earthquake Events

For time history analysis, accelerograms of selected five earthquake records are used.
The normalized accelerograms are further scaled for PGA of 0.1g to 0.5g. Therefore a
total of 25 earthquake events have been used for the analysis. Through the time histo-
ry analysis, maximum deck displacements have been recorded for each earthquake as
shown in figure 18. A response matrix of 5 X 5 as shown in Table 4 has been ob-
tained. The analytical fragility curves have been derived which are generally ex-
pressed as lognormal cumulative distribution functions (lognormal CDF) as a com-
mon practice.
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Fig. 17. Time History analysis output in SAP2000

4.4  Defining damage states

Damage bounds are stated in terms of displacements. For this, moment curvature
plots for grid C piles are derived (Figure 13) using section designer module of
SAP2000. As per PIANC [2], the moment curvature derived for grid C piles can be
idealized to get damage bounds as shown in Fig. 19, where Qy is the curvature at pile
yield moment and Qu at ultimate moment. @s is the curvature at maximum moment in
the pile. For a given axial force and moment, corresponding curvature is derived by
interpolation of given moment curvature plots. The axial forces and corresponding
moments along with curvatures for different limit states are shown in Table 2. Calcu-
lation of displacement bounds require plastic hinge length of pile i.e. Lp and plastic
rotation capacity of plastic hinge i.e. ©p, as given in PIANC [2]. PIANC [2] also rec-
ommends decreasing the stirrup spacing (pitch) of piles to enhance the capacity of the
wharf. Based on these, damage bounds are derived for stirrup spacing 250mm,
175mm and 75mm respectively as shown in Table 3.

Table 2. Axial force in grid C pile and corresponding moments and curvature

Damage state Axial force (kN) Moment (kN-m) Curvature (1/m)
Yield 2310 3897 1.89x 10-5
Serviceable 2586 4157 2.39x10-4
Ultimate 3459 4876 5.42 x 10-3

Table 3. Displacement bounds (mm) for different pitch

Pitch (mm) Damage state-1 Damage state -1 Damage state -I11
250 102.29 444.54 786.79

125 103.21 531.90 971

75 105.42 632.87 1024
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Table 4. Response matrix of the structure for different scaled ground motions

Earthquake 0.1g 0.2g 0.3g 0.4g 0.5g
Event/PGA

EQ1 0.032 0.053 0.088 0.091 0.15
EQ2 0.045 0.062 0.07 0.087 0.98
EQ3 0.072 0.081 0.083 0.099 0.109
EQ4 0.035 0.047 0.051 0.075 0.139
EQ5 0.069 0.076 0.092 0.105 0.22

5 Conclusions

In the present study, dynamic site characterization and time history analysis of pile
supported wharf structure has been carried out in the study area. From the results of
PSHA, the hazard parameters a= 2.409 and 0.69 found a good match with the hazard
parameters of south India from other researchers. Hazard curves and response spectra
will be further helpful in synthetic ground motion generation as well as seismic design
of huge infrastructure projects. From the ground response analysis it is evident that
the city is prone to higher acceleration than the peak acceleration specified by IS code
[3]. Peak ground acceleration values at surface level ranges from 0.08-0.14g whereas
the at bedrock level varies with in a range of 0.08-0.11g. Amplification factors range
from 1.0 -1.6. Locations present in extreme Southern part of the city have shown
higher response due to the presence of tidal flats with marine clays. North-East and
Northern part of the city have shown lesser PGA due to presence of rock outcrops.
From the analysis of microtremor recordings, the peak frequency and amplitude have
been estimated. The frequency values are ranging from 0.31-10.1Hz. Frequency val-
ues of 4.0Hz. To 10.0 Hz are observed in most of the locations in Central and north-
ern parts of the area under study delineating gravel and rock with pebbles. These loca-
tions were classified as T-I (Type-I). Few sites in west and southern parts of the city
are identified with predominant frequency ranging between 2.0-4.0Hz and classified
as T-II (Type-II) sites. Clayey and silty sands are predominantly found in these loca-
tions. Lower frequencies of < 2.0Hz. are observed at locations in eastern and central
parts of Vishakhapatnam due to the presence of soft marine clayey deposits with
higher amplification phenomenon classified as T-III (Type-III).

The fundamental time period of the wharf structure according to IS: 1893 -2016 es-
timated using the empirical expression, Ta = 0.075 h0.75 comes out to be Ta = 0.913
sec whereas from the dynamic mode shape analysis, time period comes out to be
0.063 sec. Hence variation of time period greatly over estimates the seismic forces. It
is revealed that the variation in PGA for DBE, at the selected site, as per ASCE7-05
(0.19g) [25] and IS: 1893-2016 (0.05g) [3], is nearly 52 % , which demands the
need for revision in the available standards. A site specific spectrum is vital for seis-
mic design of port structures and other special and important structures to obtain actu-
al ground motions instead of referring default Indian spectra which are underestimat-
ing. Soil structure interaction provides better awareness of the behavior and perfor-
mance of pile supported wharf. Dynamic modal time period of pile supported wharf
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should be considered instead of referring formula from Indian standard. The results
from the present study help in evaluating the socio economic impact of the damage to
wharves and other prominent structures during a natural hazard event.
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