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Determination of Response Spectra for Sri Lankan
Cities using Finite Difference Method

R.M.S. Dananjaya, K.K. Wijesundara, H.N. Seneviratne and P.B.R. Dissanayake

Abstract: Sri Lanka has been considered as a seismically safe country in the past considering the
large distance from the island to active plate boundaries. However, with the increased degree of
urbanization, the possible impact of intraplate earthquakes on population centres within the island
has become important. In this context, deterministic and probabilistic seismic hazard assessments
have been carried out by few researchers so far. However, these studies have not considered the
influence of variation of bedrock profile on the seismic wave propagation. In the study presented here,
a numerical simulation is carried out to investigate the effect of variation of the bedrock profile on the
seismic wave propagation in Sri Lanka. The acceleration time histories of seven real time earthquake
records, selected from the PEER database, were used as input in a numerical finite difference model
simulating the two-dimensional bedrock response. The resultant spectra at the bedrock surface thus
obtained are compared with those derived from the early studies. The comparison clearly shows the
effect of ground elevation profile on seismic wave propagation, which should be taken into account
especially when designing earthquake resistant structures in higher elevation areas.
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1. Introduction tremors have been experienced from time to
Sri Lanka, an island situated in the Indian ocean time.

close to South India, has been considered as a However, a careful examination of the past
safe country, especially with related to records available indicates that there is
earthquakes and associated hazards, by the concentration of seismicity in proximity to
general public and most of the authorities. As a Comorin Ridge and failed Mannar rift zone on
result, there are no proper guidelines for the- .V\{est . coast of Sri Lanka. The seismic
earthquake resistant structures. Even though activities m t}.‘e SW to NE arc appear to l.)e
there were few seismographs installed across significant. ThlS‘SCGI‘laI'IO has been exam%ned in
the country, the primary focus has been to depth by Seneviratne et al. (2019) [6]. Figure 1
contribute to global networks assisting the ill-ustrates the s-eismicity.of Comorin ridge and
prediction of major seismic events within the failed Mannar rift zone since 1900.

region. The instruments required to monitor the Gutenberg and Richter (1954) [3] relationship
seismic response required for engineering indicates a magnitude of 6.9 on the Richter scale
purposes are not installed even now. at a return period of 475 years. This is described

in detailed by Seneviratne et al. (2019) [6]. The

This paper describes an analysis carried out to ) - i
analyses described in this paper are based on M

determine the bedrock response at major cities ; .
in Sri Lanka due to seismic activity in the 6.9 earthquake occurring at an epicentral

region of Comorin ridge and failed Mannar rift distance of 90 km frpm the western coast line as
zone [6] (Seneviratne et al. 2019) [6]. The suggested by Seneviratne et al. (2019) [6].
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Figure 1 - Epicentres of Earthquakes Occurred
on the Comorin Ridge and the Surrounding
Area

This position of the epicenter lies along the
Comorin ridge and failed Mannar rift zone
which also contain the actual epicenter of the
1938 earthquake, considered to be the most
significant earthquake to seismically affect Sri
Lanka since 1900.

3. Formulation of the Problem

The seismic waves generated at the hypocentre
of an earthquake propagate outward along the
bedrock and reaches the continental shelf of the
west coast of Sri Lanka.
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Figure 2 - Continent and Ocean Boundary
(COB) Extracted from Structure and Isostatic
Compensation of the Comorin Ridge, North
Central Indian Ocean by Sreejith et al. (2008)
[7].

According to Sreejith et al. (2008) [7]., the
bedrock level rises from Comorin ridge
towards the Continental shelf by about 3 km
with most of the rise occurring close to the
continental shelf as shown in Figure 2.

In the analyses conducted here, the seismic
activity from the focus to the continental shelf is
not modelled. By using a design earthquake,
the time history records of seismic waves
arriving at the continental shelf were assumed.

Five cross sections running in SW to NE
direction passing through Colombo-Batticaloa,
Kalutara-Kalmunai, Galle-Arugambay, Chilaw-
Vakarei and Puttulum-Trincomalee were
modelled in the analyses. Figure 3 illustrates
the cross sections. These cross sections were
selected covering the main cities in Sri Lanka to
analyse the effect of topography along the
ground profile on the seismic wave
propagation.
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Figure 3 - Selected Five Cross Sections for the
Study

4. Finite Difference Analysis

Finite difference analysis was performed along
the above five cross sections which are parallel
to each other and aligned SW-NE with an
interval of 100 km. The models were developed
using a Finite Difference Computer Software
named FLAC (FLAC, 2001) (Fast Lagrangian

Analysis of Continua). FLAC is a two-
dimensional explicit  finite difference
programme used mainly for solving

computational problems in solid mechanics.

Especially in FLAC, the explicit Lagrangian
calculation  scheme and the  mixed-
discretization zoning technique is used to
ensure that plastic collapse and flow are
modelled accurately. Another advantage of
FLAC is that, as no matrices are formed during
the analysis without excessive memory
requirements of the computer, large two-
dimensional calculations can be made. As the
computational time of a large finite difference
model of this nature is very high, a personal
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computer having 16 GB RAM, with a processor
of core i7 was used for the analysis.

5. Model Development

In the literature, there are many examples of
analytical model studies based on wave
propagation carried out as part of micro seismic
studies. However, the authors are not aware of
any analysis carried out on macro seismic scale
such as in the present study. In the absence of
proper guidelines available in the literature, the
development of the present model was carried
out on an explorative basis. Checks were
conducted wherever possible to ensure the
reliability of the results obtained.

Modelling of seismic wave propagation due to
a distant seismic event, starting from the
epicentre to any point of interest, would
involve a large computing time and cost.
Therefore, to simplify the problem to a realistic
level, the arrival wave at the coastal line of Sri
Lanka was assumed as input to the model, and
the wave propagation behaviour from west
coast to east coast was analysed.

5.1 Development of Model Cross Sections
Figure 4 illustrates the model cross section
developed for the section passing through
Colombo-Batticaloa. The ground elevation
profile was obtained using elevation from the
mean sea level at 100 m intervals along the
longitudinal direction. The levels were obtained
from 1:50000 maps of the Survey Department of
Sri Lanka. It was assumed that the depth of
overburden is negligible, and therefore the
bedrock level and the ground level were taken
as the same. This is justified as the depth of
overburden is rarely more than 50 m and the
effect of it on the bedrock response to a seismic
event is likely to be relatively insignificant.

Figure 4 - Model Cross Section Developed for
the Section Passing through Colombo-
Batticaloa

The cross section was discretised using a step
size less than one tenth of the shortest wave
length of the significant seismic wave spectrum
(0.1 Hz to 25 Hz). This was fine tuned after a
series of trial runs minimizing numerical
difficulties at the shortest running time. The
model was developed with the west and east
coastal lines at either end. According to the past
earthquake records, the epicentral depth is in

the range of 10-15 km. Therefore, a depth of
15 km from the mean sea level was selected as
the height of the model.

The length of the model sections varied from
200 km to 250 km depending on the cross
section. Each cross section passes through two
cities on either end. The cities were decided
based on the importance of the city from
administrative point of view and the elevation.
As one of the objectives of this study is to have
a look at the effect of ground profile on wave
propagation, the height of a city from the mean
sea level was taken into consideration.

5.2 Material Properties

According to geology of Sri Lanka described by
Cooray (1984) [1], over 80% of land area of Sri
Lanka is covered by ancient crystalline rocks
composed of metamorphose sediments of
Precambrian era intruded by granite and
pegmatite. The north and north west coastal
belts are underlain by sedimentary rocks,
mainly limestone. Most of the rock types
exhibit joint fracture folding and faulting.

The effect of differences in bedrock type and
structure are not considered in the present
analysis. The bedrock is assumed to be
homogenous and isotropic. The bedrock
properties used in the analysis are given in
Table 1. Dynamic elastic modulus, dynamic
Poisson’s ratio, bulk density and shear wave
velocity are taken as the average values of those
given by Jayawardena (2001) [4] based on
testing of a large number of borehole cores and
irregular rock of different rock types taken from
various locations in Sri Lanka. Shear modulus
(G) and shear wave velocity (Vs) were
calculated from Elastic modulus (E) and
Poisson’s ratio (v) wusing the relations:
G=E/2(1+v), Vs=V(G/p). The calculated
values are compared with those reported by
Jayawardena (2001) [4]. The difference in the
parameters observed and calculated are
insignificant.

Though Jayawardena (2001) [4] in his study has
provided some mechanical properties of the
most available rocks in Sri Lanka, there is
hardly any evidence available on the exact
location and depth of these rock types across
the country. This lack of information has led to
a major problem in developing the Numerical
Model especially because the Finite Difference
programme has been developed in a way
where the material properties at a particular
location should be known.
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Table 1 - Summary of Mechanical Properties of Different Rock Types in Sri Lanka

, Ultrasonic | Ultrasonic P
. , Young's Bulk
Poisson’s Modulus Density S wave wave
Rock Type | Samples Ratio (GPa) (kg/m’) Velocity Velocity
(m/s?) (m/s?)
range range range range range
Charnockite | Borehole | 0.28 | 0.35 | 50.91 | 95.76 | 2600 | 2990 | 2645 | 3535 | 5620 | 6880
Gneissic Irregular | 0.28 | 0.36 | 61.2 | 94.53 - - 2750 | 3490 | 5609 | 6550
Hornblende | Borehole | 0.3 | 0.34 | 37.17 | 47.77 | 2675 | 2950 | 2290 | 2560 | 4420 | 4910
Biotit
i Irregular | 021 | 0.35 [ 25.85 | 58.92 | - | - | 1879 | 2844 | 3880 | 5620
neiss
Biotite Borehole | 0.31 | 0.36 | 31.46 | 58.63 | 2620 | 2982 | 2070 | 2785 | 4090 | 5565
Gneiss Irregular | 0.31 | 0.37 | 31.9 | 45.42 - - 2095 | 2482 | 4218 | 4950
Quartzit Borehole | 0.26 | 0.33 | 35.96 | 54.17 | 2538 | 2739 | 2280 | 2780 | 4430 | 5140
uartzite
Irregular | 0.28 | 0.35 | 37.39 | 55.18 - - 2260 | 2730 | 3580 | 5120
Garnet Borehole | 0.27 | 0.35 | 49.95 | 73.63 | 2718 | 3031 | 2535 | 3155 | 5325 | 5830
Sillimanite
Gneiss Irregular | 028 | 0.3 | 55.1 | 69.66 | - - | 2790 | 3050 | 5239 | 5580
Marbl Borehole | 0.31 | 0.35 | 48.13 | 65.07 | 2674 | 2934 | 2432 | 2920 | 5066 | 5580
arble
Irregular | 0.31 | 0.35 | 50.27 | 67.18 - - 2570 | 2875 | 5133 | 5695
Granulite Borehole | 0.31 | 0.36 | 40.7 | 52.41 | 2720 | 2734 | 2350 | 2700 | 4912 | 5140
Therefore, as an approximation in this study, 6. Selection of Input Ground

the average value of mechanical properties of
the mostly available rock types were used.

5.3 Boundary Conditions

There are three types of boundary conditions
(quiet, free or fixed) which can be specified in
FLAC software. After several trial runs on
models with different boundary conditions,
having quiet boundaries on all three sides on
the model (as shown in Figure 5), was
considered to be the most appropriate. Quiet
boundaries allow wave dispersion through
them without reflection. The top surface
(bedrock profile) acts as a free boundary which
allows wave reflection and surface wave
generation.

A trial run with fixed boundary at the model
base led to wave trapping totally masking the
effect of attenuation, which was not supported
by past observations from literature.

Figure 5 - Model with “Quiet” Boundaries on
all Three Sides

Motion

The selected seismic scenario, which is based on
the previous studies, comprises an earthquake
of magnitude 6.9 having a 475 year return
period with epicenter at 90 km distance from
the west coast and a depth of 15 km below the
ground surface (Seneviratne, 2016) [6]. There
are no suitable seismic events recorded in and
around Sri Lanka which fit the above
requirement. Therefore, a set of earthquake
records which suits the above conditions was
selected from the PEER (Pacific Earthquake
Engineering Research Center) database (PEER,
2006) for the analysis. The details of the selected
earthquakes are given in Table 2.

The above procedure gives the input motion to
the model at the bedrock surface. Due to
dispersion, the input motion varies with depth
below the bedrock surface. To select the most
appropriate input motion variation, three input
motion  distributions, namely  uniform,
triangular and parabolic (Figure 6), were
considered. In the cases of uniform and
triangular ground motions, the profile
development is based on PGA at the bedrock
surface. The parabolic input motion profile was
developed in such a way that it has PGA at the
ground surface and two third (2/3) of the PGA
at mid height. In both parabolic and triangular
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distributions, the bottom PGA value is taken as
zero.

Table 2 - Acceleration Histories used for 6.9
Earthquake Simulations

EQ Mw ]Z?ils(:zflscte Location P(GA
(km) 8

1 7.1 93.8 Aqaba 0.097

2 7.6 90.2 Chichi 0.118

3 6.9 94.2 Kobe 0.141
4 6.7 84.2 Northridge 0.1

5 6.9 83.6 Loma Prieta 0.117

6 6.8 83.0 Taiwan 0.028

7 6.5 97.1 Friuli 0.033

Average | 6.9 90
Figure 7  illustrates the  attenuation

characteristics of Kalutara-Kalmunai profile
due to seismic event simulating “Friuli”
earthquake obtained for the three input motion
profiles (uniform, triangular and parabolic).
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Figure 6 - Parabolic Input Motion to the Model

In the case of uniform input motion profile, the
attenuation characteristics show an unusual
peak at about 40 km from Kalutara which is
unusual considering the ground profile. In the
case of triangular input motion, very low
values of PGA were shown from Kalutara
(close to input boundary) to a distance of 40 km
inland which is not acceptable. In contrast, the
attenuation characteristics shown by the case of
parabolic motion profile was typical of what is
expected. Therefore, the parabolic input motion
was selected as the most suitable way of
applying the input acceleration in this study.
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Figure 7 - Comparison of the PGA and Ratio
Values against Distance

The variation of PGA with distance for each
selected east-west profile was obtained by
averaging the response given by FLAC analysis
for the seven earthquakes selected from PEER
database (Table 2). As an average, the time to
run one model is around three hours with the
post processing time of around one hour to
obtain the final response spectrum. This makes
four hours on average to complete one model.

Figures 8a-e illustrate the variation of PGA and
ground elevation above mean sea level with
distance along the profiles. Generally PGA
decreases with distance. This is evident from
the PGA distance relationships for Chilaw-
Vakarai and Puttalam-Trincomalee sections
throughout. A wider plateau seems to enhance
the PGA as seen from the Galle-Arugambay
and Kalutara-Kalmunai sections. This may be
due to wave trapping. If the elevation decreases
again the above effect seems to die out with the
distance, at a rate lower than on the level
ground. The attenuation characteristics
presented here are discussed in great detail in
Dananjaya (2015) [8].
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Figure 8b - Comparison of the PGA Value
with the Ground Profile Variation from
Kaluthara to Kalmunai
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Figure 8c - Comparison of the PGA Value
with the Ground Profile Variation from

Colombo to Batticaloa
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Figure 8d - Comparison of the PGA Value
with the Ground Profile Variation from
Chilaw to Vakarai
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Figure 8e - Comparison of the PGA Value
with the Ground Profile Variation from
Puttalam to Trincomalee

PGA at the bedrock level in 52 cities covered in
this study under the assumed seismic scenario
are given in Table 3.

Table 3 - PGA Values at Selected Cities in
Sri Lanka

13 Idangoda 0.053
14 Kuruwita 0.047
15 Thummodara 0.050
16 Nallathanniva 0.058
17 Maskeliva 0.060
18 Hatton 0.051
19 Lindula 0.047
20 Nanu Ova 0.040
21 Nuwara Eliva 0.045
22 Kandapola 0.042
23 Ragala 0.044
24 Bibile 0.031
25 Kalmunai 0.024
26 Colombo 0.083
27 Ussapitiva 0.060
28 Kandy 0.048
29 Narampanawa 0.044
30 Knucklesl 0.040
31 Meemure 0.041
32 Knuckles 0.037
33 Baticaloa 0.021
34 Chilaw 0.083
35 Ella 0.068
36 Migaswewa 0.058
37 Thalpathwewa 0.057
38 Alutwegedara 0.056
39 Bulanwewa 0.048
40 Dambulla 0.045
41 Kandalama 0.043
42 Kaduruwela 0.034
43 Tambala 0.033
44 Vakarai 0.025
45 Puttalam 0.095
46 Balagollagama 0.080
47 Salivawewa 0.074
48 Anuradhapura 0.050
48 Mihinthale 0.047
50 Tammanewa 0.044
51 Amunukola 0.038
58 Trincomalee 0.027
53 Ambagahawewa 0.038
54 Katupotana 0.034
55 Nagollewa 0.032
56 Palampoddaru 0.029
57 Ganeshapuram 0.027
58 Trincomalee 0.027

Bedrock response spectra of six major cities
with are given in Figures 9a-f.

No. City PGA (g) T  propoed Spectrum |
1 Galle 0.080 0z + L SO S W |10
2 | Kottawa 0.063 s o
3 Akuressa 0.059 BB INN T T T e
4 Pasgoda 0.065 § -
5 Katuwana 0.068 L
6 Panamure 0.062 T R et o okttt il St
7 Angunakolapalassa 0.044
8 Webheragala 0.036 w 05 1 15 2 25 3 35 4 a5
9 Andiawela 0.029 Period (s)
10 Arugam Bay 0.023
11 Kaluthara 0.082 Figure 9a - Bedrock Response Spectrum at
12 Egal Ova 0.060 Colombo
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Figure 9c¢ - Bedrock Response Spectrum at
Galle
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Figure 9e - Bedrock Response Spectrum at
Hatton

7. Conclusions

When the results of the numerical simulation of
ground response attenuation are studied, it can
be noted that there is a significant amplification
of the PGA where there is a highland for a
broader width, but not amplified when there
are sudden peaks. Since the width of the
plateau seems to be the demarcating factor in
the amplification of the PGA, this could be due
to the fact that waves can be trapped in the
plateau. When there are sudden peaks, the
waves could be just passing by without
entering inside the peak because of direct
propagation of reflection. When the results are
studied carefully it can be noted that the
elevations beyond 500 m distributed for a
distance beyond 100 km has amplified the PGA
values. This is a crucial issue as most the
attenuation relationships does not interpret this
scenario and hence will be predicting lower
PGA values for such locations.
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