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ABSTRACT

Design acceleration response spectra on rock and soil for Sri Lanka are presented in
this paper. Synthetic accelerograms using GENQKE (Lam, 1999) were developed for
target Peak Ground Accelerations (PGA) of 0.08 g and 0.05 g based on the seismic
hazard analyses for the region (Venkatesan et al, 2015; Gamage and Venkatesan
(2017)). Site response factors using SHAKE 91 (Idriss, 1991) were derived from five
borehole records for sites consistent with the definitions of notional site class C and D
based on shear wave velocity averaged over the whole depth and natural period. Soil
amplification factors as high as 3 to 4 inclusive of potential resonance effects were
observed. Results obtained from this approach were further benchmarked with
international codes of practice. Maximum response spectral displacement observed on
soil sites and the acceleration observed on rock sites in Sri Lanka were found to be
representative of low-moderate seismic behavior. Based on these observations, design
response spectra are presented in useful formats for the benefit of practicing engineers
and simple manual calculations towards the construction of site specific spectra are
presented.

1. INTRODUCTION

Sri Lanka is situated well away from major tectonic plate boundaries. However,
the infamous Aceh earthquake of 2004 and the tsunami that affected the region
prompted considerable awareness of seismic risk in the country. Seismic hazard
estimations generally require significant knowledge of possible seismic sources, levels
of seismicity attenuation behavior of the region and local soil conditions. Normally the
availability of ground motion data pertinent to a region facilitates convenient analysis
procedures (Lam & Wilson, 2004). For Sri Lanka though seismic hazard estimations
prior to 2008 were limited to historical information {Fernando and Kulasinghe (1986)
and Abayakoon, (1996, 1998)}. Since 2008 ground motion data has been recorded at
three stations located within the country. Given the availability of this database,
Venkatesan and Gamage (2013) derived the wave transmission quality factor (Qop) as
389 + 2.5. Further analysis from 62 shallow crustal events resulted in the estimation of
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the upper crustal attenuation factor K (pronounced as Kappa) as 0.041+ 0.009.
Attenuation models were also developed for the region and compared with the New
Generation Attenuation (NGA) models (Gamage and Venkatesan, 2014). Using these
key inputs and the probabilistic seismic hazard analysis (PSHA) approach, the design
PGA was estimated as 0.04 g on an average, suggesting the low levels of seismic
hazard in the country. However, a detailed analysis of contributions from six zones
around Sri Lanka (Fig. 1) Zone 1: South/south east of Sri Lanka towards Northern
Indian Ocean, Zone 2: East and north east of Sri Lanka towards the Bay of Bengal,
Zone 3: North of Sri Lanka towards southern parts of India and Zone 4: West of Sri
Lanka towards the Laccadive sea and the Gulf of Mannar, Zone 5: Colombo and Zone
6: rest of inland country, resulted in the estimation of design PGA around 0.11 g.
Although it may be argued that the inclusion of Colombo as a separate zone might
have accentuated this hazard, the above works seem to benchmark Sri Lanka’s
seismicity between 0.04 g on the lower end to 0.11 g on the higher end (for 500 year
return periods). The average of the above values is around 0.08 g, atypical of low-
moderate seismic regions such as Australia and Malaysia. Some codes and
international research recommend a minimum value of about 0.08g. It is noted that the
above discussions are constrained to seismic hazard on rock sites. As the presence of
soil medium is known to amplify earthquake ground motions manifold, most codes of
practice such as the Eurocode 8 (EN 1998), Uniform Building Code (UBC, 1997) and
the Australian Standards (AS 1170.4), specify a suite of site response factors for
analysis and design purposes. Since Sri Lanka does not have an earthquake code of
practice, their engineers are forced to adopt site specific provisions from other codes.
Given this knowledge gap, this paper attempts to conduct site response analysis using
soil profiles collected from Sri Lanka and recommend design response spectra for the

benefit of practitioners.
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Fig. 1 Seismic zones around Sri Lanka (Venkatesan and Gamage, 2015).
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2. METHODOLOGY AND ANALYSIS

There are two important components specified in typical site response analysis: a)
selection of earthquake time histories and b) soil response analysis. The selection of
earthquake time histories can be based on recorded data or the simulations of
synthetic accelerograms. Since regions like Sri Lanka lack sufficient strong motion data,
the authors have resorted to the simulation of synthetic accelerograms using GENQKE
(Lam, 1999). In particular GENQKE simulations have been verified with recorded data
from regions such as Australia, Singapore, Malaysia, India and other similar low-
moderate seismic regions, facilitating an automatic choice for this analysis. Appropriate
seismological parameters described in Section 1, have been considered in the
generation of rock response spectra. Soil response analysis has been carried out using
SHAKE 91 (Idriss, 1991), a software program that can analyze the response of soil
layers subjected to an input earthquake ground motion. It is noted that using this
combination of software, the first author has successfully simulated the Aceh
earthquake recordings for a station in Singapore as shown in Fig. 2 (reproduced from
Lam et al, 2009). Therefore, a similar methodology is adopted in this paper.
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— Recorded spectra of Aceh earthquake (N-S component)
— Recorded spectra of Aceh earthquake (E-W component)
—— Simulated spectra (two corner frequency model)
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Fig. 2 Comparison of Aceh earthquake simulations using GENQKE and SHAKE 91
(Lam et al, 2009).

2.1 Soil response analysis

About 50 borehole records were collected from regions such as Colombo,
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Batticola, Mannar, Trinconmalee, Galle and Kandy. As many of these sites were of
thickness less than 10 m and the Standard Penetration Test (N) values were more than
50, only five borehole records that were deeper than 15 m and N values ranging
between 5 and 50 were considered for analysis in this paper. The shear wave velocity
(SWV also noted as Vs) averaged over the whole depth is observed to be in the order
of 220 m/s to 350 m/s (and natural periods ranging from 0.25 s to 0.6 s) (Fig 3a to 3d).
These values suggest a site class B and C or C and D according to most codes of
practice. Further, six ensemble input accelerograms were simulated for a notional Peak
Ground Velocity (PGV) of 60 mm/s (approximately 0.08g) and another set of
ensembles for a PGV of 40 mm/s (approximately 0.05 g) using GENQKE. Response
spectrum analysis for all sites are presented in Fig. 4a to Fig 4h.

2.2 Definition of soil amplification factor

A very important consideration in site response analysis should be given to the
definition of soil amplification factor. In most codes of practice, the recommended site
response factors are usually derived from the average of response spectral ratios over
a whole lot of sites and period range chosen for analysis. Lam et al (2004) suggest that
this approach smears the actual amplification potential indicative of resonance and may
not be suitable for regions where majority of the construction are non-ductile.
Furthermore, the soil amplification factor recommended is based on the ratios of
Response Spectral Displacement (RSD) measured at the site natural period. This
definition adopted in the paper is presented in Appendix 1. Furthermore, it is also clear
that majority of the construction in Sri Lanka are indeed non-ductile. The de-
amplification observed in the short period range of the spectra in Fig 4a and 4d might
result in values lower than unity for soil amplification factors. However, in Fig.4e to 4h,
values greater than unity are observed in the short period range. Therefore, averaging
based on ratios of response spectra (RRS procedure) over the whole period does not
seem reasonable. Hence, the choice of amplification factor as noted in Appendix 1 is
considered for further analyses.

2.3 Estimation of initial site natural period & shear wave velocity from borehole
records

The shear wave velocity profile of a site are not usually available for analysis
purposes. Therefore, borehole records with the Standard Penetration Test (SPT N)
values can be used to estimate SWV. Although number of equations are available, we
chose Imai (1977) equations for all soils as Vs = 91 N%34. The Vs value thus obtained is
averaged over the entire depth (not just the 30 m). The initial site natural period (Ts)
can be estimated from Equation 1:

Ts = >(d / Vs, i) * 4 = 4*Hs/Vs
1)

Where,

di is the depth of each layer, Vs, iis the shear wave velocity of each layer and Vs is the
weighted average shear wave velocity over the entire depth and Hs is the total
thickness of the layer.
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Fig. 3a SWV profile of borehole record from Batticola BH 06
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Fig. 3b SWV profile of borehole record from Batticola BH 04
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Fig. 3d SWV profile of borehole record from Mannar BH 01
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Fig. 4a Velocity response spectra for Batticola site BH 06 — PGV 60 mm/s (PGA 0.08 g)
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Fig. 4b Velocity response spectra for Batticola site BH 06 — PGV 40 mm/s (PGA 0.05 g)
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Fig. 4c Velocity response spectra for Batticola site BH 04 — PGV 60 mm/s (PGA 0.08 g)
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Fig. 4d Velocity response spectra for Batticola site BH 04 — PGV 40 mm/s (PGA 0.05 g)
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Fig. 4e Velocity response spectra for Colombo site BH 01- PGV 60 mm/s (PGA 0.08 g)
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Fig. 4f Velocity response spectra for Colombo site BH 01— PGV 40 mm/s (PGA 0.05 g)
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Fig. 49 Velocity response spectra for Mannar site BH 01— PGV 60 mm/s (PGA 0.08 g)
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3. DISCUSSION AND DESIGN RESPONSE SPECTRA

Based on Fig. 4a to 4h, amplification factors are observed to be in the range
between 2.9 and 3.6. The common notion that amplification factors are sensitive to the
ground motion intensity has not been observed in this instance. This insensitivity is
intriguing although it might be attributed to local characteristics of the site (soil layering,
type of material and vertical heterogeneity of the medium) or due to the high degree of
non-linear behavior evident from the period shift phenomenon. Nonetheless, these
observations also facilitate a convenient average amplification factor of about 3.3 (on
an average) for all sites. Another interesting observation is the corner period coinciding
with the constant acceleration part of the spectrum. We observed a value close to 0.35
s as opposed to 0.3 s suggested in Australian Code AS 1170.4. Our analysis of some
of the other borehole records (not presented in this paper) exhibited a rigid-body motion
behavior. Given the local geology of Sri Lanka which is mostly Pre-Cambrian, it seems
appropriate to consider 0.35 s length for the constant acceleration part. However, the
constant velocity part of the spectrum seems to hover around 1.2 s, as opposed to 1.5
s or 2 s noted in some international codes. Further investigation may be necessary to
confirm the second corner period. It must also be stated that the site response analysis
presented herein does not include soil profiles of 1 s period. Such sites may exhibit
higher amplification potential. Based on the above discussions (and pending further
investigation), design response spectra on rock and soil according to the guidelines
specified in the Eurocode 8 are presented as explained below:

3.1 Horizontal Elastic Response Spectrum procedure recommended by the
Eurocode 8

For the horizontal components of the seismic action, the elastic response spectrum
Se(T) is defined by the following expressions:

0< T<Ts:Se(T)=agS[L+ (T/Te)*(2.5-1)] @)

Te<T<Tc:Se(T)=agS.2.5 3)

Tc<T<Tp:Se(T)=a3.S25[Tc/T] 4)

To<T<4s:Se(T)=23.5.2.5 [ TcTo/T?] ®)
where

Se(T) is the elastic response spectrum;

T is the vibration period of a linear single-degree-of-freedom system;

ag is the design ground acceleration on type of ground

Tgis the lower limit of the period of the constant spectral acceleration branch;

Tc is the upper limit of the period of the constant spectral acceleration branch;

Tp is the value defining the beginning of the constant displacement response range
of the spectrum;

S is the soil factor;

(5% viscous damping assumed in the above equations).

11
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Using values of ag = 0.4g and 0.1g, Ts =0.1 sand Tc=0.35s, Tp = 1.2 s (as observed
from the rock spectra) and S = 3.3 (as observed from the soil response analyses) the
design rock and soil response spectrum are constructed as shown Fig 5.

To use Fig.5, considering the higher end of seismic hazard as PGA=0.08 g, following
observations can be made: PGV = 60 mm/s; RSAnax = 0.25 g (for0.1 < T <0.35s);
RSVmax = 120 mm/s (for 0.35s < T < 1.2 s) and RSD yjax = 23 mm (this RSDmax value
is close to 25 mm that would be calculated using Australian code AS 1170.4 with T, =
1.5 s). Similar values for soil conditions can be worked out. It is noted that the RSD pax =
76 mm for soil. These values on soil conditions clearly highlight the seismic hazard
potential in the region. In the absence of detailed calculations users can adopt the
following formulae:

RSVmax = RSAmax X T2 (6)
RSDmax = RSV ax X To/27 (7)

A further condensed version of the above spectra can be presented in the form of
Acceleration-Displacement Response Spectra (ADRS) format as shown in Fig.6.
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Fig. 5 Recommended design response spectra on rock and soil
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Fig. 7 Response spectra in ADRS format

4. CONCLUDING REMARKS

Design response spectra on rock and soil for Sri Lankan conditions have been
systematically developed and presented in useful formats for practicing engineers.
Critical values have been compared with international codes and practice. Results
seem to suggest that Sri Lanka should be considered as a low-moderate seismic
region rather than a low seismic region. It is noted that these are results of initial
analyses. Further work to include a range of magnitude-distance combinations and
deep soil profiles pertaining to site class D and E will need to be carried out, in addition
to the consideration of different magnitude-distance combinations to cover a range of
PGV values.
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APPENDIX 1 - Definition of soil amplification factor

Typical Rock & Soil velocity response spectrum

/

peak soil response spectral velocity

Soil amplification factor

Response spectral
velocity (mm/sec)

Soil spectrum

Rock spectrum

Natural period ofthe soil site
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0 Natural period (sec) 10
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