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ABSTRACT

Determining ground motion amplification resulting from a site’s near-surface
layers is important to earthquake hazard assessment. Site-response spectra may be used
to quantify this response using either empirical or numerical methods.

In this thesis, site-response spectra were determined for eleven PQLARIS sites
using two popular empirical methods: Nakamura’s microtremor method and the
horizontal-to-vertical spectral ratio (HVSR) method. A correlation between the type of
the near-surface conditions (soil or rock) and the spectral shape was observed. While
hard rock sites exhibited frequency-independent amplification ranging from near unity at
1 Hz, to 2 at 5 Hz, soil sites were characterized by a resonant peak at the fundamental
frequency (fp). Both methods predicted similar values of fj at each of the soil sites.
Seismic refraction surveys were conducted at the soil stations, and used to produce
numerical spectra which validated those produced empirically.

Further, numerical site-response modelling was conducted using three programs:
EERA, NERA and QUAKE/W, at five POLARIS soil sites, for earthquakes of varying
intensity levels. For earthquakes of low and moderate intensity, all programs agreed
~well. At higher intensity levels, results from the equivalent-linear programs were

inconsistent with those produced using nonlinear analysis.

Keywords: amplification, site-response, POLARIS, EERA, NERA, QUAKE/W.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The influence of local site conditions on the characteristics of earthquake ground
motion is widely recognized among seismologists and geotechnical engineers (Bardet et
al. 2001). Such local site effects are evidenced by the uneven damage distribution from
numerous historical earthquakes, where high levels of structural damage can be
correlated with sites that have soils, as opposed to rock, near the surface (e.g. MacMurdo
1824). Damage patterns from more recent earthquakes, including the 1985 Michoacan
earthquake (e.g. Singh et al. 1988), the 1989 Loma Prieta earthquake (e.g. Borcherdt and
Glassmoyer 1992), the 1994 Northridge earthquake (e.g. Hartzell et al. 1996), and the
1999 Izmit earthquake (e.g. Ozel et al. 1999) further illustrate the role site effects play in
contributing to earthquake damage. Observations from these studies indicate that,
generally, soft soils tend to amplify ground motion in comparison to more competent
soils and bedrock. Given the potentially destructive nature of this amplification, precise
-khowledge of local site response becomes important, particularly in areas where critical
structures are located (Field and Jacob 1995). As a result, the development and testing of

methods which can quantify site response has become a fertile area of research.
Site-response studies typically define the localized amplification using site-
respohse spectra, frequency-dependent functions representing the response at a given soil
site relative to the response that would be experienced by a competent bedrock site for

the same earthquake (Presti et al. 2006). Current approaches for determining these



spectra primarily fall into two broad categories: empirical or theoretical (Lermo and
Chavez-Garcia 1994). Empirical approaches rely on observed measurements of ground
motion, while theoretical methods attempt to evaluate site response analytically using the
dynamic properties of the site’s near-surface soils. The purpose of this thesis is to
investigate some of the methods that can be used to estimate site response, with the
ultimate goal of providing some technical guidance about their validity and suitability for

assessing local site effects.

1.2 BACKGROUND

As part of this study, data related to several sites in the POLARIS (Portable
Observatéries for Lithospheric Analysis Investigating Seismicity) network were used to
examine various empirical and theoretical approaches to site-response evaluation. The
POLARIS network consists of geophysical observatories located in Ontario, British
Columbia, the Northwest Territories, Quebec, Nunavut and Nova Scotia (Figure 1.1).
These observatories provide live data for research, education, and the continuous

monitoring of earthquakes (www.polarisnet.ca).
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To this end, Murphy and Eaton (2005) produced site-response spectra for the
eighteen POLO stations that were operational at the time of their study. The subsequent
expansion of the POLO network involved adding new stations whose site response was
unknown. Determination of site-response spectra at these sites is, therefore, necessary to
further the calibration of this network. In addition, the availability of data collected by
the monitoring stations at these sites provides an opportunity to evaluate the applicability
of empirical methods for determining site-response spectra.

Beresnev and Atkinson (1997) produced near-surface profiles for several of the
POLO station sites. Their study provides the information necessary to create numerical
models for a number of POLO sites. Some of these profiles are used here to examine

computer programs that can be employed for theoretical site-response modelling.

1.3 OBJECTIVES
This investigation examines various methods that are commonly used for

eValuating local site effects with the following specific objectives:

1. To advance the calibration of the POLO network by providing empirically-
produced site-response spectra for eleven POLO stations.

2. To compare and validate two popular empirical approaches used to generate site-
response spectra, namely Nakamura’s (1989) microtremor analysis method, and
the horizontal-to-vertical spectra ratio (HVSR) method of Lermo and Chavez-
Garcia (1993).

3. To examine the suitability of three modelling programs for predicting site

response at various levels of ground shaking: the Equivalent-linear Earthquake



Response Analysis (EERA) program of Bardet et al. (2000), the finite-element
modelling program QUAKE/W 2004 (Krahn 2004), and the Nonlinear
Earthquake site Response Analysis (NERA) program of Bardet and Tobita

(2001).

1.4  THESIS STRUCTURE

This thesis is organized into five chapters, which address the objectives presented
above.

Chapter 2 provides the necessary theoretical background, and a review of related
previous studies.

Chapter 3 presents a study of the two empirical methods for site-effect evaluation.
Using these methods, site-response spectra are produced for eleven POLO stations.
Spectra from the two methods are compared. In some cases, simple numerical models
are used to assess the validity of these empirical spectra.

Numerical computation of site-response spectra is investigated in Chapter 4.
Theoretical spectra are produced using three modelling programs for five POLO stations,
and the results are compared.
| The thesis concludes with Chapter 5, which provides a summary and discussion of

the entire study.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION
During an earthquake, accumulated strain energy is released from a focal region
and propagates through the surrounding earth. The characteristics of an earthquake
observed at a given point on the surface are, therefore, influenced by three factors: the
radiation characteristics of the source; the kinematic and dynamic characteristics of the
route from source to observation point; and the kinematic and dynamic characteristics of
the near-surface layers at the observation point (Nakamura 1989). In the time domain,
the observed motion at a given site (a) may be written in terms of the earthquake source
(e), path (p), and local site effects (s), and the response of the recording instrument (i):
a(t) = e(t) * p(e)* s(t) *i() @1
where * denotes convolution (Kramer 1996). Although all these factors influence the
observed waveform, the greatest impact is generally related to local site effects, that is,
the response of the uppermost layers of rock and soil at the site (Nakamura 1989).
| An example of the impact of local site effects on observed ground response is
provided in Figure 2.1, which contains seismograms recorded at four stations during the
August 17, 1999, Izmit earthquake. The recording stations have differing near-surface
characteristics. Three of the stations (ATS, CNA and DHM) are located on soft soil,
while the fourth station (YKP) is located on hard rock. Although the sites have similar
source and path effects, differences in the frequency content and amplitudes of the

seismograms are notable. More specifically, amplitudes measured at the soil sites are
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significantly higher than those measured at the hard-rock site. Such variations can be

attributed to the differing near-surface site conditions (Ozel et al. 2002).
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Figure 2.1: Three-component seismograms recorded during the August 17, 1999 Izmit

earthquake. Seismograms are equi-scaled from -200 to 200 mg (Ozel et al. 2002).
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2.1.1 Seismic Waves

Fundamental to discussion of local site effects is an understanding of seismic
wave types. Earthquake-produced waves can be divided into two basic categories: body
waves, which propagate through the earth’s interior; and surface waves, which travel
along the earth’s surface layers. Body waves are subdivided into primary
(compressional) and secondary (shear) waves, know as P- and S-waves, respectively. For
S-waves, particle movement, which is perpendicular to the direction of wave travel, can
be either horizontal (SH-waves) or vertical (SV-waves). Surface waves include two
important wave systems that can be significant during an earthquake event: Rayleigh
waves, produced by the interaction of P- and SV-waves with the earth’s surface layers,
and Love waves, resulting from the interaction of SH-waves with these surface layers

(Kramer 1996).

2.1.2 Site Amplification

As seismic waves propagate through the uppermost layers of soil and rock at a
given site, these layers serve as a filter that can increase the duration and amplitude of
earthquake shaking within a narrow frequency band (Molnar et al. 2004). The
Iampliﬁcation of these waves is largely controlled by the mechanical properties of these

layers.

2.1.2.1 Soil Sites
Amplification at sites with near-surface soil deposits is largely controlled by the

density, shear-wave velocity, damping and thickness of these soils (Kramer 1996).
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Typically, the densities (p) and shear-wave velocities (¥;) of the near-surface soil
layers are smaller than those of the bedrock below. Since the energy contained in a
seismic wave is proportional to pV;’4 (where A is wave velocity amplitude), the
amplitude of the wave tends to increase as it passes into the overlying layers, as a
consequence of the need for conservation of energy (Archuleta et al. 1992). This type of
amplification is often referred to as impedance contrast amplification (the impedance of a
given material is the product of its density and seismic velocity, in this case - p¥).

The thicknesses of upper soil layers also influence site amplification. The

resonant amplification of the amplitudes of seismic waves within a soil deposit is a

‘function of the thickness and shear-wave velocity of its layers. This type of frequency-

dependent amplification results from the reverberations of trapped shear-waves within the
soil layers. The total thickness (%) and average shear-wave velocity (V;) of these soil
layers may be used to predict the first resonant peak, or fundamental frequency (1), of a

soil deposit, as follows (Kramer 1996):
fo=—. 2.2)

The most significant site amplification can be expected at this frequency. Additional
'péaks may also occur at higher natural frequencies of the soil deposit (Kramer 1996).
The impact of soil resonance on amplification is generally greater than that caused by
impedance contrast (Siddiqqi 2000).

Another important soil characteristic that influences amplification of seismic
waves is its damping. The seismic wave energy is dissipated through damping, resulting
in a reduction in wave amplitude. Soil damping stems from two main mechanisms:

radiation (due to propagation of seismic waves) and hysteretic (due to inelastic
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deformation of soil), but are often lumped together so that they can be more conveniently
represented (Kramer 1996). In geotechnical engineering, the soil damping is often
described by its damping ratio (£).

Other factors, including topographic and subsurféce irregularities, can also affect
site amplification. Increased amplification, for example, has been noted near the crests of
topographic ridges (e.g. Jibson 1987; Trifunac and Hudson 1971). Amplifications have
also been shown to vary widely across alluvial valleys, due to the effects of basin
geometry (e.g. King and Tucker 1984). Complex patterns of amplification and

deamplification, caused by these irregularities, can significantly alter the characteristics

of earthquake shaking. The two- and three-dimensional effects introduced by such

features can be difficult to predict (Kramer 1996).

2.1.2.2 Rock Sites
Although the amplification of earthquake shaking by soil is well established, it is
often assumed that hard-rock sites do not amplify ground motion (Siddiqqi and Atkinson

2002). Although not as pronounced as the amplification observed at soil sites,

amplification at rock sites has been observed in a number of studies. Gupta and

McLaughlin (1987), for example, show frequency-dependent amplification factors
between 1.5 and 1.7 for sites in the eastern United States, while Siddiqqi and Atkinson
(2002) found that average amplification factors for hard-rock sites in eastern Canada
range from 1.1 and 1.5. Such amplification results from the impedance contrast caused
by weathering of near-surface rock. Topographic effects have also been shown to

influence amplification values at rock sites (Tucker et al. 1984).
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2.2 EMPIRICAL EVALUATION
Empirical methods of site-effect evaluation attempt to develop site-response
spectra from observed amplification measurements. Local site response is contained in
these measurements, as indicated in Equation 2.1. In the frequency domain, the
relationship between the observed amplitude (4) and site-response (S) spectra can be
written as:
A(f)=EN)P(SISNIS)- 23)
Generally, instrument response, /, is known, and therefore can be removed from the
measured response with relative ease. The challenge for researchers then becomes
. removing source and path effects (E and P, respectively), so that local site response can
be determined from these measurements (Field and Jacob 1995). Consequently, a

number of empirical techniques have been developed to accomplish this task.

2.2.1 Standard Spectral Ratio Methods
Most commonly, source and path effects are removed from earthquake data using
a method introduced by Borcherdt (1970), which divides the recorded spectrum at a given

site (4;) by one recorded at a nearby, bedrock reference site (4,) (Molnar et al. 2004):

4 _EDRWNS. _S.U)
4,00 ENDBNSL 5,0

(). 24

The instrument response should be removed from both records prior to this calculation.
This method relies on the assumptions that the two sites have similar source and path

effects and that the reference site has negligible site amplification (i.e. S, =1.0) (Molnar

et al. 2004).
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The above technique, often referred to as the standard spectral ratio method, is
limited by its dependence on the availability of an adequate reference site. In some areas,
bedrock exposures may only exist at a considerable distance from the investigated site,
making it difficult to assess the discrepancies related to the differing path effects at the
two sites (Murphy 2003). Obtaining simultaneous records at both the soil and reference
sites may also prove difficult (Lermo and Chavez-Garcia 1994). Soil-site amplification
factors may also be affected by the inherent site-response of the reference site, even for a

well-selected site on competent bedrock.

2.2.2 Borehole Methods

Perhaps the optimum bedrock reference, then, is that located directly below a

given site (Archuleta et al. 1992). Boreholes may be drilled so seismometers can be

~ placed at depths greater than the local geological conditions being studied. Spectral

ratios can then be calculated between the surface and borehole seismograph recordings.
Although accurate, this method can prove very costly, particularly in areas where variable

near-surface conditions would necessitate multiple boreholes (Tsuboi et al. 2001).

2.2.3 Horizontal-to-Vertical Spectral Ratio Methods

The limitations of previously-discussed empirical techniques have spurred the
development of alternatives that can determine site response in an efficient and cost-
effective manner, even in the absence of an adequate reference site. An opportunity for

this is provided by horizontal-to-vertical (H/V) spectral ratio methods. These methods
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require only a single-station earthquake recording, and calculate site-response spectra by
using the vertical component as reference (Molnar et al. 2004).

The primary assumption of the H/V spectral ratio techniques is that the vertical
component is not influenced by resonant amplifications caused by local geology and thus,
site response can be obtained by normalizing the vertical component from the horizontal
component (Ozel et al. 2002). In the frequency domain, this corresponds to the division

of the horizontal spectrum, H, by the vertical spectrum, V, 1.e.:

H
s =20 @5)
V{f)
where S is the local site response spectrum.
2.2.3.1 Nakamura’s Method

Nakamura (1989) first proposed that the dynamic characteristics of near-surface
structure could be estimated using the H/V ratios of microtremor measurements.
Microtremors, low-period (up to 0.2 s) seismic noise, are attractive because their
measurement can be readily accomplished. The background noise, which results from

natural forces, such as storms and sea waves, as well as artificial forces, including

" industrial and cultural noise, can be obtained even in areas of low-seismicity (Murphy

and Eaton 2005). Nakamura (1989) defined site response as the H/V ratio of surface

noise, assuming that the vertical motion is not amplified by the near-surface structure.
Using surface microtremor measurements taken near the Kamonomiya, Tabata

and Ishibashi train stations, in Japan, Nakamura (1989) approximated the transfer

functions for each site from their H/V spectral ratios. Site-response spectra produced for
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Kamonomiya were verified by comparison with ones produced using standard-spectral-
ratio methods, while those produced for Tabata and Ishibashi were compared with the
results of borehole methods. In all three cases, Nakamura (1989) concluded that the H/'V
spectral ratio provided a good estimate of the site-response spectra.

Since Nakamura’s early work, his method has gained wide popularity. The
method was successfully used to identify the fundamental frequency of sedimentary
deposits (e.g. Field and Jacob 1993; Field and Jacob 1995; Lachet et al. 1996; Lermo and
Chavez-Garcia 1994). Although Nakamura’s (1989) method has been, in some cases,
successful at providing a rough estimate of amplification level (e.g. Lermo and Chavez-
Garcia 1994), it is generally observed to underpredict amplification values when
compared with standard spectral ratio techniques (e.g. Field and Jacob 1995; Lachet et al.

1996).

2.23.2 HVSR Method of Lermo and Chavez-Garcia
Lermo and Chavez-Garcia (1993) attempted to apply Nakamura’s technique to the
S-wave portion of earthquake records. Their method is similar to the receiver-function
technique used by Langston (1979) to determine crustal structure. They applied the
| technique to earthquake recordings from a number of seismograph stations in Mexico.
For each station, the S-wave portion was extracted from earthquake records, and the
transfer function computed from the horizontal-to-vertical spectral ratio (HVSR).
Spectra obtained using their method, herein referred to as the HVSR method, were
compared with those computed from standard spectral ratios (see Equation 2.4). Their

results indicate that the HVSR method can be used to estimate the frequency and
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amplification of the first resonant mode, particularly when site effects are caused by
relatively simple geology. Higher modes of amplification, however, are not predicted by
this method. Further, their results suggest that site effects due to topographic features and
sedimentary deposits could be well-predicted by this method (Lermo and Chavez-Garcia
1993).

There is significant empirical evidence that supports the use of the HVSR method
in determining a site’s fundamental frequency (e.g. Bonilla et al. 1997; Dimitiru et al.
1998; Field and Jacob 1995; Tsuboi et al. 2001). As with Nakamura’s technique, debate
exists as to whether it can accurately predict amplification values. Despite this limitation,
both methods are useful in seismic hazard analysis, particularly since the identification of

the fundamental frequency is typically of greatest concern.

2.3 NUMERICAL EVALUATION

Empirical methods, like those discussed above, predict the surface amplification
at a given site. Although this data is necessary to the study of site response, subsurface
amplification and stress information can also be useful. Obtaining such information can
be accomplished with the use of numerical modelling. Additionally, numerical
modelling can be employed to validate empirically-produced site-response spectra by
comparison with theoretical spectra (e.g. Murphy and Eaton 2005). Furthermore,
numerical modelling can provide theoretical support for the assumptions of empirical
methods (e.g. Field and Jacob 1993). It can also be used to predict the response of a site
to a large sample of possible input motions or to analyze various parameters which can

affect site response (Lermo and Chavez-Garcia 1994).
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2.3.1 Profile Data

Construction of an adequate model for site-response prediction requires detailed
knowledge of the site near-surface characteristics. Soil layer thickness, shear-wave
velocity and unit weight are among the geotechnical properties required to fully define
the profile. Obtaining this data requires a site-investigation program, which often
involves drilling boreholes or conducting shallow seismic refraction surveys.

Seismic-refraction profiling involves measuring the arrival times of the direct and
refracted P- and/or S-waves as they travel from an impulse source to the points along a
linear array (Kramer 1996). Refraction profiling has been used successfully to delineate
‘near-surface structure in many cases (e.g. Beresnev and Atkinson 1997; Williams et al.
2003). A sledgehammer blow and five to seven stacks are often for recording relatively
clear arrivals when acquiring relatively shallow depth data; however an explosive charge
may be required to determine deeper crustal structure. Beresnev and Atkinson (1997)
reported that a sledgehammer was an adequate source to determine the shear-wave
velocity profile to a depth of approximately 70 m in their refraction study.

Velocity-structure data obtained in the course of model development can also be
used to determine a site’s National Earthquake Hazard Reduction Program (NEHRP)
‘classification. The NEHRP classification scheme, described fully in the following
section, forms the basis of the new National Building Code of Canada provisions related

to local site effects.
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2.3.1.1 National Building Code of Canada Provisions

Contemporary building code provisions developed to account for local site effects
generally do so by adopting classification schemes which lump groups of similar soil
profiles together (Kramer 1996). This is done in an attempt to incorporate local site
effects into seismic design, without unduly complicating the structural design process
(Finn and Wightman 2003).

The National Building Code of Canada (NBCC) (1995) grouped near-surface
conditions into four categories, assigning a foundation factor, F, ranging from 1.0 to 2.0,

to each category (See Appendix A, Table A.1). This classification scheme was often

_criticized for its use of broad and qualitative site categories (Finn and Wightman 2003).

To address this concern, the NBCC (2005) adopted the classification scheme proposed by
the National Earthquake Hazard Reduction Program (NEHRP 1994). The categories

proposed by NEHRP (1994), detailed in Table 2.1, are defined quantitatively in terms of

the weighted average shear-wave velocity of the top 30 m of the site, 730—, average

standard penetration resistance, N , average undrained shear strength, E , Water content

w, and plasticity index, PI. The use of such soil parameters eliminates much of the

ambiguity associated with the earlier code (Finn and Wightman 2003). These site classes

are used in the selection of design foundation factors, thus incorporating consideration for

site effects into building design.
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Table 2.1: Site classification for seismic site response (NEHRP 1994).

Site Class Site class name and generic description Site class definition
A Hard rock Vo > 1500 m/s
B Rock 760 < ¥, < 1500 m/s
360 < V,, <760 mJs,
C Very dense soil and soft rock N>50,0r S, >100 kPa
180 < V,, < 360 m/s,
D Stiff soil 15 <N =50, or
50< §,<100kPa
V,, < 180 m/s; PI> 20,
E Soil profile with soft clay w > 40%, and S, <25

kPa

Site-specific geotechnical investigations and
dynamic site response analyses: (i) soils
vulnerable to potential failure or collapse under
seismic loading (liquefiable soils, quick and
highly sensitive clays, collapsible weakly

F cemented soils, ezc.); (ii) peats and (or) highly
organic clays (4 > 3 m of peat and (or) highly
organic clay, where 4 is thickness of soil); (iii)
very high plasticity clays (b > 8 m with PI >
75); (iv) very thick “soft - medium-stiff clays”
(h>36m)

2.3.2 One-dimensional Modelling

When the near-surface structure, as determined by a site-characterization
program, is relatively simple, site-response can often be computed using one-dimensional
(1D) analyses. In such analyses, soil deposit conditions are idealized as horizontal layers

of infinite extent (Bardet et al. 2000). Site response is assumed to result primarily from

SH-waves propagating vertically from the underlying bedrock (Kramer 1996). 1D
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analyses are suitable for modelling sites with level, or gently sloping ground with parallel
material boundaries. Such conditions are not uncommon in engineering practice (Kramer
1996). In many cases, 1D procedures predict site response in good agreement with that
determined empirically (e.g. Murphy and Eaton 2005; Triantafyllidis et al. 1999).
However, this type of modelling is not appropriate for sites where major topographic or

subsurface irregularities contribute to the site response and for strong earthquakes.

2.3.3 Nonlinear Site-Response

The nonlinear response of soil beyond a certain level of deformation has been
well established (Kramer 1996); however, the necessity of incorporating this nonlinearity
into site-response analysis is a somewhat contentious issue. It has long been a concern of
geotechnical engineers, who recognized the nonlinear relationship of shear stress and
~ strain in laboratory cyclic loading tests. On the other hand, it was rarely considered by
seismologists due to the lack of nonlinear response observed in early records (Lee et al.
2006). However, as the number of permanent strong-motion arrays has increased in
recent years, seismologists have seen greater evidence of nonlinear site-response in their
observations. The debate regarding the inclusion of nonlinear behaviour in site-response
bmodelling is well-summarized in a review by Beresnev and Wen (1996). They also listed
several cases where linear-elastic models have reasonably predicted site response, and
discussed several studies that provide evidence of nonlinear response. The review
concluded that, generally, nonlinear site effects should be accounted for at high strain

levels, particularly when softer soils are involved.
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2.3.3.1 Equivalent-linear Modelling

Undertaking true nonlinear response analysis is both complicated and
computationally demanding (Kramer 1996). For this reason, the nonlinear soil behaviour
is often estimated using the more efficient equivalent-linear method. In the equivalent-
linear approach, the analyses are performed assuming linear soil properties that are
iteratively adjusted to be consistent with an effective level of shear strain induced in each
soil layer (Arslan and Siyahi 2006, Molnar et al. 2004). This approximation requires that
an‘equivalent-linear shear modulus (G.) and damping ratio () be specified, which are
modified in response to computed strains. These strain-dependent properties are related
to the hysteresis loop displayed by soil during cyclic loading (see Figure 2.2). Modulus-
reduction and damping ratio curves, appropriate for modelling various soil types, have

been established through experimentation (e.g. Vucetic and Dobry 1991).
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Figure 2.2: (a) Hysteresis stress-strain curve (Gpex is small strain shear modulus) and (b)

the variation of secant shear modulus and damping ratio with shear strain amplitude.
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It should be noted that because of their inherent linearity, equivalent-linear
analysis can only be viewed as an approximation of the actual nonlinear response.
However, in instances where strain levels remain relatively low, such as in the cases
involving stiff soil profiles or weak ground motion, this method produces reasonable

results (Kramer 1996).

2.3.3.2 Nonlinear Modelling

An alternative to equivalent-linear analysis is using methods that incorporate true
nonlinear representation of the soil behavior under high level strain loading. These
methods calculate soil response using direct numerical integration in the time domain
(Kramer 1996). One-dimensional nonlinear modelling analyses typically characterize the
nonlinear stress-strain behaviour of soil using cyclic stress-strain models, such as the one
" proposed by Iwan (1967). The Iwan (1967) model is composed of linear springs and
Coulomb friction elements, and can represent a broad range of nonlinear behaviour
(Beresnev and Wen 1996). This cyclic stress-strain model is followed in small,
incrementally linear, steps (Kramer 1996).

This type of analysis represents a more computationally-complex approach than
that used by the equivalent-linear method. However it produces more accurate results in

cases involving high levels of strain.

2.3.4 Modelling Programs
The interest in efficient and accurate modelling of local site effects has spurred

the development of numerous site-response programs. The SHAKE program of Schnabel
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et al. (1972) was one of the first programs produced for this purpose. The program
implements the equivalent-linear method, and remains one of the most popular programs
in geotechnical earthquake engineering (Bardet et al. 2000). It is often used as the
standard to which newer modelling programs are compared. Such is the case for two,
newer, equivalent-linear modelling programs: the Equivalent-linear site Response
Analysis (EERA) program of Bardet et al. (2000) and the finite-element modelling
program QUAKE/W 2004 (Krahn 2004).
" EERA is a modemn implementation of the equivalent-linear method, developed
from the same basic concepts as SHAKE (Bardet et. al 2000). This 1D modelling
program has the advantages of being freely available from the Internet, and being fully
integrated with the spreadsheet program Microsoft Excel, making it convenient for
practical use (Bardet et al. 2001). The program predictions compare favourably with
_those obtained from SHAKE, thus validating the program (Bardet et al. 2001).
Additionally, EERA has been shown in several studies to successfully predict site-
response in comparison to empirically-produced spectra (e.g. Murphy and Eaton 2005).
Like EERA, QUAKE/W (Krahn 2004) is a relatively new program that can be
used for equivalent-linear modelling. Unlike EERA, QUAKE/W is not specifically
designed for the prediction of site-response, but rather it is a finite element program that
can be used to perform a variety of one- and two-dimensional dynamic analyses. In
addition to its flexibility, this program offers the ability to integrate with programs slope-
stability (SLOPE/W), seepage (SEEP/W), stress-deformation (SIGMA/W), and other
analysis programs offered in its software suite. Although QUAKE/W is not currently as

widely used as more-established programs like SHAKE, the potential offered by this
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integration makes the study of its capabilities worthwhile. The program’s developers
offer some evidence that the program compares favourably with SHAKE for simple 1D
analyses (Krahn 2004), however, further benefit could be derived from additional,
independent comparisons.

While the above programs approximate nonlinear soil-response using the
equivalent-linear method, the Nonlinear Earthquake site Response Analyses (NERA) of
Bardet and Tobita (2001), uses the implementation principles of EERA, but applies them
toward nonlinear analysis. The program can perform 1D ground response analysis using
the material models developed by Iwan (1967) and Mroz (1967). Integration of the
equations of motion is accomplished using the finite-difference method. Like EERA, the
program is available for free and is integrated with Excel. While limited studies
comparing these two programs are available in the literature (e.g. Bardet et al. 2001),
_ further investigation and comparison of the programs is warranted to fully assess their

capabilities.
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CHAPTER 3

EMPIRICAL SITE-RESPONSE SPECTRA

3.1 INTRODUCTION

Local geologic and soil conditions can greatly increase the intensity of earthquake
ground shaking (Kramer 1996). These local site effects are particularly significant at
sites with deep, soft soil deposits, although hard rock sites may also exhibit amplification
(Siddiqqi and Atkinson 2002). Estimation of this localized site response can be
accomplished using theoretical or empirical methods. Theoretical modelling requires
extensive characterization of a site’s near-surface geology, as well as the use of
sophisticated computing methods. In contrast, empirical approaches require only ground
motion data records from the site. The relative ease of application has popularized the
use of empirical methods in investigating site response.

Ground motion records have become readily available at a number of Canadian
sites, owing to the recent deployment, and subsequent expansion, of the POLARIS
(Portable Observatories for Lithospheric Analysis and Research Investigating Seismicity)
~ seismograph network (Eaton et al. 2005). In this study, empirical site-response spectra
were produced for eleven stations of the POLO (POLARIS Ontario) array of the
POLARIS seismograph network (Figure 3.1 and Table 3.1). A variety of near-surface
conditions exist at these sites. While most are located on competent Precambrian
bedrock, others rest on fractured Paleozoic bedrock, soil, or a combination of soil and

man-made fill. Additionally the response spectrum at a station located on soil was also






Table 3.1: Seismograph stations used for this study.
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. . Latitude Longitude Elevation 1
Station Location ©) © (m) ype
ALFO Alfred, ON 45.62828 -74.88419 35 B
BUKO Buck Lake, ON 4544228  -79.39895 317 B
CBRQ Cabonga Reservoir, QC 4730915 -76.47073 307 B
ELFO Elginfield, ON 43.19300 -81.31630 298 S
MRHQ Morin Heights, QC 45.88700 -74.21270 422 B
MEDO Medina, NY 43.16460 -78.45462 190 P

PLIO Pelee Island, ON 41.75053  -82.62837 143 P
PLVO Plevna, ON 45.03964 -77.07538 279 B
RSPO Restoule Provincial Park, ON  46.07340  -79.76020 264 B
TOBO Tobermory, ON 4522573  -81.52337 169 P
TORO Toronto, ON 43.61363  -79.34330 80 S
STM St. Marys, ON 43.23606 -81.15272 314 S

'Type: B = Precambrian bedrock, P = Paleozoic bedrock, S = Soil.

The primary objective of this study was to report the site-response spectra for
eleven POLO stations that have not been previously studied. Spectra produced in this
‘study supplement those previously reported by Murphy and Eaton (2005) for eighteen
other POLO stations. Two popular empirical methods were used to obtain the site-
response spectra, allowing for a comparison of the results. The empirical methods
employed were Nakamura’s (1989) microtremor analysis method, and the horizontal-to-
vertical spectra ratio (HVSR) method of Lermo and Chavez-Garcia (1993).

Additionally, theoretical site-response spectra were computed at the soil stations.
Near-surface shear-wave velocity models were developed based on seismic refraction
studies conducted at these sites (see Section 3.3.3). Spectra were then computed using
the program EERA (Equivalent-linear Earthquake site Response Analyses), developed by

Bardet et al. (2000), and used to validate those produced empirically.
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3.2 EMPIRICAL ANALYSIS

Various empirical methods have been proposed for estimating site response.
Spectral-ratio techniques, which are commonly used, calculate site amplification relative
to a nearby, bedrock reference site. If an adequate reference site is not available,
however, reference-site-independent techniques for determining site-response spectra can
be particularly attractive. In these single-station methods, the horizontal-component
spectrum of ground motion is divided by the corresponding vertical-component spectrum
tb estimate the amplification, thus using the vertical component as reference.

Both Nakamura (1989) and Lermo and Chavez-Garcia (1993) found that site
response could be estimated from the ratio of the horizontal-to-vertical (H/V) component
of the Fourier amplitude spectrum of ground motion. Nakamura (1989) originally
proposed that this technique be applied to measurements of microtremors, low-period
ambient seismic noise resulting from natural and artificial sources. Lermo and Chavez-
Garcia (1993) later applied Nakamura’s technique to the S-wave portion of earthquake
records. They found that the frequency and amplitude of the first resonant mode could
be estimated using this method, although higher modes were not evident.

These techniques have since been applied by various researchers, with varying

‘degrees of success. Generally, it is agreed that these H/V techniques provide good

estimates of the frequency of the first resonant mode at soil sites (Molnar et al. 2004;
Field and Jacob 1995). H/V techniques have also provided reliable rough estimates of
amplification level at sites with simple near-surface geologies (Tsuboi et al. 2001; Lermo

and Chavez-Garcia 1994). Here, Nakamura’s (1989) technique and the HVSR technique
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of Lermo and Chavez-Garcia (1993) are applied to ground motion data records obtained

from the POLO stations.

3.2.1 Ground Motion Data

A database of digital seismograms was compiled from ground motion velocity
recordings (which were converted to accelerations using the program SAC) made at the
eleven POLO stations over a 12-month period, beginning July 1, 2004. The stations are
equipped with three-component broadband seismometers (Guralp CMG-3ESP Compact),
digitizers and satellite systems (Nanometrics Libra VSAT), which record and transmit
data, in near-real time, to acquisition centers in London and Ottawa, Ontario (Murphy
and Eaton 2005). In addition to microtremor recordings, the database contained sixty-
seven local and regional earthquakes of magnitude (my) 2.0 or greater. A complete list of
the events selected for use in this study is included in Appendix B (Table B.1).

The temporary station (STM) was equipped with a three-component Guralp
CMG-40T seismometer and a Nanometrics ORION digitizer, from which data were
extracted. Recordings were made over a week-long period, beginning November 21,
2005. Only noise data were obtained, as no events were recorded during the station’s
operation.

At all stations, data were sampled at 100 Hz.

3.2.2 Nakamura’s Method
For use in Nakamura’s method, fifty noise windows, of 20 s duration, were

extracted from the POLO and temporary station data. Noise windows were cosine
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tapered (5%) and processed to produce Fourier spectra. The horizontal spectrum (H) was
computed from the N-S (hys) and the E-W (hgw) component spectra as follows (Yu and

Haines 2003):

H(f) = hys' (1) +hes” (f) 3.1)

The horizontal and vertical Fourier spectra were smoothed over frequency
increments of 0.2 Hz using a moving-average filter (0.4 Hz width), before they were used
to compute H/V ratios. Normalizing the horizontal spectra by the vertical spectra
effectively removes the instrument response from the record, as both components have
identical instrument response (Siddiqqi and Atkinson 2002). MATLAB code written for
the calculation of these spectra appears in Appendix C. The results of this analysis are

plotted in Figure 3.2, with plots grouped according to near-surface type.
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A strong correlation between near-surface conditions and the shape of the site-
response spectra is evident in the results presented in Figure 3.2. Precambrian bedrock
sites (red triangles) exhibit an almost frequency-independent response, with mean
amplification values between 1.2 and 2.0. The response at Paleozoic bedrock sites (blue
triangles) is also relatively flat, but exhibits a higher degree of variability than the
Precambrian bedrock sites, with mean amplification values ranging from 1.3 to 2.5. Soil
sites (ELFO, TORO, STM) are characterized by a single resonant peak within the
freQuency-band considered. The peak amplification predicted by Nakamura’s method at
ELFO, TORO and STM occurs at 3.0, 1.0 and 9.4 Hz, respectively, with corresponding
peak amplitude ratios of 7.0, 10.1 and 6.1. Higher resonant modes were not observed

using this method.

' 3.2.3 HYVSR Method of Lermo and Chavez-Garcia

The HVSR method of Lermo and Chavez-Garcia (1993) was applied to
recordings of sixty-seven earthquake events of my between 2.0 and 3.8. At stations
where an event was recorded, S-wave windows, 20-70 s long, starting at the S-wave
arrival and containing the strongest portion of the earthquake records, were extracted.
for each event, a pre-event noise window, of approximately the same length, was also
extracted to be used in signal-to-noise ratio (SNR) calculations.

Processing of the signal and noise windows included 5% cosine-tapering and
Fourier transformation. Horizontal signal and noise spectra were computed using
Equation 3.1. After smoothing over frequency increments of 0.2 Hz, the H/V ratio was

calculated for all frequencies at which signal-to-noise ratio exceeded 2.0 for both the
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horizontal and vertical components. The selection of 2.0 as the threshold value was
based on testing, and is supported by values in the literature (Murphy and Eaton 2005;
Siddiqqi and Atkinson 2002). Gaps in the individual site-response spectra correspond to
poor signal-to-noise ratios. MATLAB code written for the calculation of these spectra
appears in Appendix C.

Plots of results, arranged by near-surface type, are presented in Figure 3.3. Note
that the method could not be applied to data from the temporary station (STM), due to a
lack of event recordings. This highlights one of the inherent disadvantages of using the

HVSR method in areas of low to moderate seismicity.
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3.2.4 Comparison of the results

Results obtained with the HVSR method were in good agreement with those
produced using Nakamura’s method. Frequency-independent amplification predicted at
the rock sites using the HVSR method was only slightly higher than that predicted using
Nakamura’s method. For compaﬁsoﬁ, the amplification values for the rock sites at 1 and

5 Hz, obtained using both methods, have been summarized in Table 3.2.

Table 3.2: Summary of H/V ratios obtained at rock sites.

Nakamura’s Method HVSR Method

Station Type' 1Hz 5Hz 1Hz 5 Hz
Mean H/V Mean H/V Mean H/V Mean H/V
ALFO B 1.58 £0.99 1.74 £ 0.52 1.33+0.30 2.22+0.82
BUKO B 1.14 £ 0.38 1.48 £ 0.34 1.55 £ 0.69 1.69 £ 0.38
CBRQ B 1.22 £ 0.59 1.11+£0.44 1.71 £ 0.95 1.55+0.68
MRHQ B 1.50+£0.72 1.58 £0.65 1.84 £ 0.56 1.75+£0.41
PLVO B 1.12+0.43 1.32+£0.31 1.17+£0.57 1.60 £ 0.50
RSPO B 1.31 £0.56 1.52+0.31 1.48+0.24 1.45 +£0.40
MEDO P 0.98 £ 0.46 1.94 £ 0.80 1.48 £0.28 2.60+£0.67
PLIO P 0.83+£0.40 1.77 £0.45 1.33+0.40 1.98 £0.83
TOBO P 0.93 £0.54 2.05+0.75 1.31+0.73 2.88 +0.64
Average 1.18£0.25 1.61 £ 0.30 1.47+ 0.21 1.97 £ 0.50

'Type: B = Precambrian bedrock, P = Paleozoic bedrock.
- Uncertainties show =+ one standard deviation.

Similar amplification values were predicted by both methods. Average
amplification values obtained at 1 and 5 Hz are in good agreement with those predicted
by Siddiqqi and Atkinson (2002) for eastern Canada and by Gupta and McLaughlin
(1987) for the eastern United States.

Nakamura’s method and the HVSR method also produced similar predictions of

the frequency of the first resonant peak at the two soil sites. Further discussion of the

soil-site results is contained in a subsequent section (Section 3.3.3).
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3.3  SITE RESPONSE MODELLING

Simple numerical models can be used to predict site-response spectra, given that
sufficient information about the site’s near-surface geology is available. In this study,
numerical spectra were produced for the three soil sites (ELFO, TORO, STM) for
comparison with those determined from empirical estimates. For modelling purposes, it
was necessary to obtain or estimate the relevant geotechnical properties of the near-

surface layers at these sites.

3.3.1 Refraction Data Collection and Processing

Little information was known about the near-surface conditions at ELFO and
TORO, wﬁile at STM, some borehole information was available. Therefore, hammer-
seismic refraction surveys were conducted at the three soil stations (ELFO, TORO, STM)
" to determine their near-surface velocity structures.

For each survey, a steel I-beam struck at 45° by a sledgehammer that was used as
the source. The I-beam was set up in-line with the profile, and the SH-waves produced
were recorded by a spread of 4.5-Hz horizontal geophones. Details of the geophone
spreads used at each site are included in Table 3.3. At ELFO, the survey was conducted
'1-1sing two lines of geophones, oriented perpendicular to one another, while a single line
of geophones was used at both TORO and STM, due to topographic constraints at these
sites. Forward and reverse profiles were conducted along each line, so the data could

later be examined for evidence of dipping of the near-surface layer boundaries.
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Table 3.3: Geophone spreads used in this study.

Station Line Source Offset(s) Number of Geophone Spacing
(m) Geophones (m)
1 1,30 24 5
ELFO 1,30 24 5
TORO 1 5 12 10
STM 1 15 12 10

At each site, digital seismograms from source impacts were stacked ten times and
stored in data files created using a seismic-refraction software package (Geometrics
2004). Acquisition polarity was then reversed by striking the I-beam on the opposite
side, and the procedure was repeated. After transferring the data to a computer, the
difference between the normal and reverse polarity traces at each geophone was
calculated to enhance the S-wave arrivals and suppress the P-wave arrivals (Lankston
1990). Figure 3.4a shows an example of the resulting traces, with S-wave arrivals clearly
visible. Arrival times identified from the traces were plotted versus source-receiver

distances, as in Figure 3.4b, for use in subsequent analysis.
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Figure 3.4: (a) Sample trace data collected at ELFO. (b) Corresponding time-distance

plot, showing v;, v; and x..
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3.3.2 Velocity-model Construction
Following the procedure of the U.S. Corps of Engineers (1979), the time-distance
plots were interpreted to produce the one-dimensional (1D) velocity models. Using this

method, the thickness, H, of the uppermost soil layer was calculated as follows:

H=2 u’ (3.2)
2 Vv, +vy,

where v; and v, are the velocities of first and second soil layers and x. is the critical
distance. Velocities were calculated from the inverse slopes of best-fit lines applied to
the time-distance plots, while the critical distance corresponds to the break in slope
between these two best-fit lines (see Figure 3.4b). For all deeper soil layers, thicknesses

were calculated using:

2 2 2 2
- 1 H v \/v -V, —V \/v -y
X % % k+1V Yk k\ Y+
H, ==& |-kl & N - ~ (k22) (3.3)
) + 2 2
VintVe a1 Y Via — Vi

where H; is the thickness of the kth layer.

Profiles were also examined to determine the dip angle in the near-surface layers.
Because no significant dipping of these layers was found along any of the profiles, they
could be represented as simple, one-dimensional cross-sections with horizontal layering.
' Beresnev and Atkinson (1997) noted that for the south and southeast Ontario region, the
velocity structure can be determined to a depth of approximately 70 m using this type of
refraction setup. This was also found to be the approximate depth of penetration in this

study. The models produced are plotted, for the upper 70 m, in Figure 3.5.
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frequency-independent damping ratios were specified. Bedrock layers were assigned a
unit weight of 27.5 kN/m® and 0% damping, and soil layers were assigned a unit weight
of 17.7 kKN/m> and 1.667% damping. These properties were adopted based on those used
in similar studies conducted in the south and southeast Ontario region (Murphy and Eaton
2005; Beresnev and Atkinson 1997). The soil at STM was assigned a unit weight of
22.0 kN/m’ based on available borehole data.

At TORO, the depth to bedrock could not be established by the refraction survey
(seé Figure 3.5). It was, therefore, necessary to determine this depth through iterative
modelling. Consequently, the depth of the second soil layer (V=360 m/s) was extended
to a depth of 90 m. Below this depth, a rock layer with the properties of the bedrock
found at ELFO and STM, was assumed.

The results of this numerical modelling are plotted in Figure 3.6, and summarized

in Table 3.4. The National Earthquake Hazards Reduction Program (NEHRP)

classification for each site is also included in Table 3.4 (BSSC 2003). Further details of

this classification system can be found in Chapter 2 (Section 2.3.1.1).
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Theoretical spectra contain a peak at the fundamental frequency (fy), determined
by the average shear-wave velocity of the soil layers (¥s) and the total thickness of these

layers (h), i.e.:

Jo=—" (3.4)

At TORO and ELFO, harmonic overtones were predicted by the models, in the frequency
range of interest.

At all three sites, frequencies of the resonant peaks produced by the empirical
methods agreed well with the fundamental frequencies predicted numerically. This
suggests the refraction surveys have correctly determined the shear-wave velocities and
thicknesses of the soils at these sites. Overall, the empirical and theoretical methods
predicted similar values for peak amplification, although it should be noted amplification
determined numerically is highly dependent on the assumed damping ratios.

At TORO, the HVSR method appears to have predicted the higher harmonic
modes. In all other cases, these overtones were not observed in the empirical spectra.
. These overtones, typical of simple, numerically produced spectra, result from the
assumed linearity of the analysis (Shearer and Orcutt 1987). The absence of these modes

in the empirical spectra likely reflects some nonlinear soil behaviour.

34 CONCLUSIONS

Empirical site-response spectra have been produced for eleven stations of the
POLO network with variable near-surface conditions. Two H/V ratio techniques were
employed in the study, namely: Nakamura’s (1989) method and the HVSR method of

Lermo and Chavez-Garcia (1993). The shapes of the resulting spectra were observed to
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correlate with the site’s near-surface type. Hard rock sites exhibited response spectra that
were relatively frequency-independent, with Nakamura’s method predicting an average
amplification of 1.2+ 0.3 at 1 Hz, increasing to 1.6 = 0.3 at 5 Hz. The HVSR method,
generally, produced slightly higher estimates of amplification, with an average of
1.5+ 0.2 at 1 Hz, increasing to 2.0 £+ 0.5 at S Hz. The amplifications predicted are in line
with those predicted at other hard rock sites in eastern North America. In contrast,
response spectra at soil sites were characterized by a prominent spectral peak at the
fundamental frequency. At all stations, the strong agreement between both empirical
methods was notable.

Simple 1D linear models were used to produce response spectra at the three soil
sites. The theoretical results support the notion that the fundamental resonance mode can
be reliably obtained using H/V ratio methods. In one case (TORO), higher modes of

resonance also appear to have been predicted by the HVSR method.
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CHAPTER 4

NUMERICAL MODELLING

41 INTRODUCTION

Numerical modelling software packages provide a useful tool for the investigation
of site response, accounting for the localized amplification of earthquake motion due to
the near-surface geology. Numerical models that are based on information related to the
site near-surface layers can be used to produce theoretical site-response spectra, which
quantitatively represent this amplification.

Employing modelling techniques that are capable of accounting for the
nonlinearity of this response can be necessary for accurate site-response prediction,
particularly when soft soils or strong ground motions are involved (Beresnev and Wen
1996). Numerical modelling programs typically account for this nonlinear behaviour
using either equivalent-linear approximations or true nonlinear analysis. While the
former is more computationally convenient, it is limited in its ability to produce
reasonable estimates of ground response at higher strain levels (Kramer 1996).

In this study, the performance of three computer programs that are used to predict
site response is evaluated. Two of these programs utilize the equivalent linear approach:
the Equivalent-linear Earthquake Response Analysis (EERA) program of Bardet et al.
(2000), and the finite-element modelling program QUAKE/W 2004 (Krahn 2004). The
third program, the Nonlinear Earthquake site Response Analysis (NERA) program of
Bardet and Tobita (2001), employs the nonlinear method. These programs were used to

produce theoretical site-response spectra at five sites in Southern Ontario, Canada. At
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each site, ground response to synthetic earthquakes, representative of low-, moderate- and
high-intensity Canadian earthquakes was calculated. Comparison of the computed
theoretical spectra was undertaken to assess the ability of these programs to model site

response to earthquakes of various intensities.

4.2  SITE SELECTION

The sites used in this study are the locations of several stations from the
POLARIS (Portable Observatories for Lithospheric Analysis and Research Investigating
Seismicity) seismograph network. Research related to this Ontario stations (e.g.
* Beresnev and Atkinson 1997; Murphy 2003; and see Chapter 3) has produced near-
surface .proﬁles and related data for many of these stations. Since this investigation
involves modelling the nonlinear response of soil, five sites revealed to have near-surface
soils were chosen from the available profiles. The locations of the five selected sites can

be found in Figure 4.1 and Table 4.1.
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Earthquake site Response Analysis) is a one-dimensional (1D) modelling program,
developed by Bardet at al. (2000) to compute the response of a horizontally layered, soil-
rock system to vertically travelling shear waves using the equivalent linear method.

The equivalent-linear method follows an iterative procedure, whereby an initial
shear modulus (G) and damping ratio (¢) are assumed and used to compute the ground
response and corresponding shear strains for each layer. Effective shear strain is then
calculated as a percentage (typically between 50 and 70%) of the maximum shear strain
corhputed for the time history. Here, effective shear (3.5) was calculated as:

Ve = R,V max 4.1
where yma is the maximum shear strain and R, is the ratio of effective shear strain,

defined as:

M-1
R =——— 4.2
' = 1o (4.2)

where M is earthquake magnitude (Idriss and Sun 1992). New values for G and &
corresponding to this level of effective shear strain, are then chosen, and the process is
repeated until the differences are reduced below a certain tolerance level, in this case, 1%
(Kramer 1996).
| QUAKE/W (Krahn 2004) also has equivalent-linear modelling capabilities;
however it is fundamentally different in its formulation. QUAKE/W is a finite-element
modelling program and, as such, may be used to model a variety of soil configurations.
One-dimensional modelling can be readily accomplished with this program, provided
models are constructed with the appropriate boundary conditions.
NERA (Nonlinear Earthquake site Response Analysis) of Bardet and Tobita

(2001) is a one-dimensional ground-response modelling program similar to EERA,
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however, it employs nonlinear analysis. Nonlinear analysis uses direct numerical
integration in the time domain to calculate the soil response. =~NERA uses an Iwan
(1967)-type cyclic-stress strain model, where soil is modelled as a series of springs and
frictional elements. The program performs integration in the time domain using the
finite-difference method.

As its name suggests, EERA primarily functions to model site response. The
program can be used to produce site-response spectra directly. QUAKE/W, because of
its inherent flexibility, does not readily produce such spectra. Acceleration time histories
at the ground surface, however, can be extracted directly from QUAKE/W. It was,
therefore, necessary in this study to compute QUAKE/W theoretical spectra from these

time histories. A similar procedure was followed to calculate the NERA spectra.

4.3.2 Soil Profile Data

To completely define the profiles in each of the programs, the thickness of each
layer is required, as well as the relevant values for soil shear-wave velocity, unit weight
and damping for each layer.

Shear-wave velocity profiles for three of the stations (BRCO, PKRO, TYNO)
were obtained from Beresnev and Atkinson (1997). The profiles for the remaining
stations (ELFO, TORO) were produced by the author (see Chapter 3, Section 3.3). These
profiles are presented in Figure 4.2. Given these soil profiles, it is possible to obtain the
National Earthquake Hazard Reduction Program (NEHRP) classification for each of
these sites (see Chapter 2, Section 2.3.1.1). ELFO, PKRO and TORO are representative

of NEHRP Class C sites, while BRCO and TYNO are site class D (NEHRP 1994).
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Shear modulus and damping ratio curves were also assigned to each layer based
on soil classification. For the equivalent-linear programs (EERA, QUAKE/W), soil
layers were assigned the modulus reduction and damping curves provided by Sun et al.
(1988), for 10 < PI < 20. The modulus reduction and damping curves of Schnabel et al.

(1970) were assigned to the rock layer. These curves are depicted in Figure 4.3.
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Figure 4.3: Modulus reduction and damping curves specified for (a) soil (Sun et al.
1988) and (b) rock (Schnabel et al. 1970).
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For nonlinear modelling in NERA, only the modulus curves were specified, as

NERA calculates the damping ratio based on the model proposed by Iwan (1967) and

Mroz (1967).

4.3.3 Input Earthquake Motion

Ground motion records, used as input for the analyses, were selected from a suite
of synthetic earthquake time histories produced by Atkinson (1999). This ensemble of
input time histories was produced to be compatible with the Uniform Hazard Spectra
(UHS), for “firm soil” conditions, used in the 2005 edition of the National Building Code
of Canada (NBCC 2005). Earthquakes were simulated, for various moment magnitude
.(M) and distance (R) combinations, using the method described in Atkinson and Beresnev
(1998). To match events experienced by various Canadian cities, it is necessary to
extract earthquakes having appropriate magnitude-distance combinations from this suite,
and multiply them by a recommended scale factor. For this study, earthquakes matching
ground motions modelled for Toronto, Montreal and Victoria, intended to represent low,
moderate and high levels of seismic input, respectively, were used. The magnitude,
distance and scale factors corresponding to these earthquakes appear in Table 4.2. For
-Toronto, only one event-scenario is required to represent the seismic hazard. On the other
hand, representing the seismic hazard for Montreal and Victoria requires both a short-
and long-period events. The M8.5 Cascadia scenario listed in Table 4.2 simulates a

mega-thrust earthquake on the Cascadia subduction zone.
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Table 4.2: Magnitude-distance combinations and scale factors of earthquake events.

) . Scale . Scale
City Short-period event Factor Long-period event Factor

Toronto M=6.0atR=50km 0.75 - -
Montreal M=6.0atR=30km 0.85 M=7.0atR=70km 0.90
Victoria M=65atR=30km 1.20 M= 8.5 Cascadia 2.20

A single event for each scenario was extracted from the simulated earthquakes,
and modified according to the scale factor. The resulting peak ground acceleration

(PGA) of each earthquake used is listed in Table 4.3.

Table 4.3: PGA of the simulated earthquake records used in this study.

City Short-period event Long-period event
Toronto 0.155 g -
Montreal 0.400 g 0271¢g
Victoria 0.640 g 0.238 g
4.3.3.1 Outcrop Motion

As mentioned previously, the EERA program of Bardet et al. (2000), and the
NERA program of Bardet and Tobita (2001) are developed exclusively for 1D site-
response analysis. Because earthquake accelerations are usually recorded at the ground
. surface, these programs are designed to treat earthquake records entered as, what are
sometimes known as, “outcrop” records. Outcrop records are so-called because they are
measured at the surface, where bedrock is outcropping, rather than at the soil-bedrock
interface. This motion is modified by the program to reflect the motion at the soil-
bedrock interface (i.e. deconvolution) and soil surface acceleration is then calculated

based on this modified motion.
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Figures 4.4 presents both the original and deconvolved motion for the Toronto
earthquake at ELFO. Note that this deconvolution produces a slight decrease in the wave

amplitude of the earthquake motion.
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Figure 4.4: Original and deconvolved motion at ELFO.

While the deconvolution of outcropping motion can be readily accomplished by
the 1D modelling programs, it is not explicitly encoded in the program QUAKE/W
(Krahn 2004). To accommodate this, but still allow for direct comparison between the
different programs, the modified soil-interface records produced by EERA for each

earthquake were used as input for the QUAKE/W simulation.

4.3.4 Results and Discussion
Site-response spectra, representing the amplification of the surface motion relative
to the bedrock outcropping motion, were calculated, for the five sites, using EERA,

NERA and QUAKE/W. EERA-produced spectra were extracted directly from the
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program, while for NERA and QUAKE/W the spectra were calculated from acceleration
time histories.

The theoretical site-response spectra produced for the five POLO sites, plotted
from 0 to 15 Hz, appear in Figures 4.5 to 4.9. A complete tabulation of all calculated
values of all fundamental frequencies (f;) and their associated amplification values (4),

can be found in the Appendix D of this report.
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Comparison of spectra produced by all three programs shows generally good
agreement in terms of the prediction of site-response spectra for the Toronto and
Montreal earthquakes, which represent low- to moderate-intensity earthquakes. For this
level of excitation, EERA, QUAKE/W and NERA all predict similar values for each
site’s fundamental frequency. At higher frequencies, however, QUAKE/W predicts
lower amplification values than both NERA and EERA. Although QUAKE/W is not
specifically designed for site-response, comparison with independently-developed
programs, for relatively simple analyses such as these, can be used to verify whether the
program has been coded correctly (Krahn 2004). Although the low-frequency agreement
between the three programs is encouraging, the discrepancy at higher frequencies could,
possibly, point to a formulation process that filters out the high frequency component of
the ground motion in QUAKE/W.

As expected, for the higher-intensity Victoria earthquakes, the equivalent-linear
programs (EERA, QUAKE/W) differ from the nonlinear program (NERA) in their site-
response predictions. Differences in spectra are observed across the entire frequency
band, but are most notable at higher frequencies, where NERA predicts higher
amplification than the other two programs. As a result of the higher levels of strain
‘induced by the stronger Victoria earthquakes, the equivalent-linear programs fail to
accurately approximate this response.

Inspecting the site-response spectra for all sites considered reveals a trend related
to the fundamental frequency (f;), or lowest natural frequency, present in the response-
spectra produced by all three programs. Generally, as earthquake intensity increases, a

decrease in fj is observed. At BRCO, for example, f; values of 1.6 Hz, 1.4 Hz and 1.0 Hz
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It is also observed from the response spectra that, generally, the values of
amplification predicted at each fundamental frequency decreased as the earthquake
intensity increased. This reduction is the result of increased energy dissipation caused by

strong motion relative to weak motion (Beresnev and Wen 1996).

4.34.1 Comparison with Empirical Spectra

While the numerical modelling techniques described previously are typically
favoured by geotechnical engineers, seismologists tend to employ empirical techniques,
such as the horizontal-to-vertical spectra ratio (HVSR) method of Lermo and Chavez-
Garcia (1993). Figure 4.12 presents the theoretical spectra produced using the three
programs for the Toronto earthquake, as well as empirical spectra calculated using the
HVSR method. At all sites, empirical and theoretical predictions of f; are in reasonable
agreement, while the empirical methods predict high values of amplification at this
frequency. The HVSR method represents a linear method of analysis, particularly at the
levels of shaking induced by earthquakes in this region. As a result, the empirical
method predicts higher levels of amplification than the equivalent-linear and nonlinear

methods.
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44  CONCLUSIONS

An investigation of the ground response modelling capabilities of three numerical
programs, EERA, NERA and QUAKE/W, has been conducted. Using these programs,
theoretical spectra were produced for five POLARIS-station sites for earthquakes of
different intensities.

For low to moderate intensity earthquakes (Toronto, Montreal), the results from
the three programs compare well with one another in terms of the predicted fundamental
frequency (fy) and corresponding amplitude.

For high intensity earthquakes (Victoria), however, the equivalent-linear
prograrﬁs, namely EERA and QUAKE/W, deviate from the nonlinear program NERA,
indicative of the limitations of equivalent-linear approach for modelling site-response at
high strain levels.

In all cases, QUAKE/W tends to underpredict response amplifications at higher
frequencies, relative to EERA and NERA.

When compared with empirical spectra, numerical values predicted lower
amplification at the fundamental frequency due to their simulating of nonlinear soil

behaviour.




o
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Table A.1: Foundation factors, FF (NBCC, 1995).
Category Type and depth of soil measurlee(:, :‘lrom the foundation or pile cap F
Rock, dense and very dense coarse-grained soils, very stiff and hard
1 fine-grained soils; compact coarse-grained soils and firm and stiff 1.0
fine-grained soils from 0 to 15 m deep
Compact coarse-grained soils, firm and stiff fine-grained soils with a
2 depth greater than 15 m; very loose and loose coarse-grained soils and 1.3
very soft and soft fine-grained soils from 0 to 15 m deep
3 Very loose and loose coarse-grained soils with depth greater than 15m 1.5
4 Very soft and soft fine-grained soils with depth greater than 15 m 2.0
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Table B.1: Events recorded at POLARIS stations.
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- Latitude Longitude Depth Magnitude
Date Origin Time © ©) (km) (my)
2004/07/01 19:41:43 43 4885 -79.5013 18.0 2.2
2004/07/06 11:09:32 43.6196 -78.0515 18.0 2.1
2004/07/15 4:30:44 42.0294 -82.3651 18.0 2.2
2004/07/18 23:54:30 46.8134 -77.9757 18.0 2.0
2004/07/22 13:10:00 46.5000 -74.9100 15.0 3.1
2004/07/24 18:19:01 54.0360 -85.4523 18.0 2.2
2004/08/04 23:55:26 43.6775 -78.2391 4.0 38
2004/08/11 20:19:51 49.5989 -91.8710 5.0 2.2
12004/08/17 5:10:52 46.9989 -76.8814 18.0 29
2004/08/25 14:21:25 52.8188 -81.2213 18.0 2.5
2004/09/04 2:05:31 44.8916 -74.9201 4.0 3.1
2004/09/06 19:31:46 46.1795 -75.1135 18.0 2.1
2004/09/21 14:17:34 50.1496 -94.2040 5.0 2.3
2004/09/22 20:42:50 52.3052 -81.0694 18.0 2.8
2004/09/28 21:10:25 44.6260 -81.5219 18.0 2.1
2004/10/04 6:56:02 49.0953 -91.9315 5.0 2.6
2004/10/10 12:34:39 46.0633 -76.0273 18.0 2.0
2004/10/10 23:39:05 45.5656 -73.7035 18.0 2.0
2004/10/11 8:33:50 49.6216 -81.4685 18.0 2.3
2004/10/27 2:25:03 44,4260 -78.2078 5.0 2.0
2004/11/03 13:02:04 48.6601 -91.1615 5.0 2.0
2004/11/23 16:46:04 46.8024 -75.8616 18.0 2.2
2004/11/23 17:04:08 48.1385 -79.6847 14.0 2.7
2004/11/23 18:32:58 48.2513 -79.6122 18.0 2.1
2004/11/30 21:49:21 47.3236 -76.9218 18.0 2.3
2005/03/02 06:53:17 41.8029 -80.9855 5.0 2.2
2005/03/03 02:22:01 45.0555 -74.2028 18.0 3.5
2005/03/13 04:02:04 40.5303 -84.7139 18.0 2.5
'2005/03/13 17:08:14 46.5434 -80.9822 1.0 3.6
2005/03/15 03:08:05 43.0073 -78.0998 5.0 2.0
2005/03/28 16:39:38 43.3320 -79.2845 5.0 3.1
2005/03/28 16:58:28 43.3240 -79.2867 5.0 2.8
2005/03/31 02:27:34 43.3737 -78.5434 5.0 2.0
2005/03/31 14:29:58 52.4437 -80.9804 18.0 2.7
2005/03/31 15:13:08 46.2765 -75.6429 18.0 34
2005/04/05 11:03:49 53.0783 -80.9092 18.0 2.0
2005/04/08 04:32:38 46.2765 -73.4580 18.0 33
2005/04/08 05:37:55 53.0783 -82.7325 18.0 2.1
2005/04/09 08:53:15 46.2696 -91.7561 5.0 2.2
2005/04/15 23:58:42 47.4473 -73.8700 18.0 2.5
2005/04/17 00:18:38 51.5224 -73.7814 18.0 2.5
2005/04/17 18:48:28 49.8212 --81.4510 18.0 2.1



Table B.1: Events recorded at Ontario stations (continued)

2005/04/20
2005/04/24
2005/04/30
2005/05/07
2005/05/10
2005/05/12
2005/05/13
2005/05/14
2005/05/15
2005/05/23
2005/05/25
2005/05/25
2005/05/28
2005/05/31
2005/06/01
2005/06/02
2005/06/06
2005/06/09
2005/06/11
2005/06/12
2005/06/14
2005/06/16
2005/06/22
2005/06/23
2005/06/23

21:36:09
04:00:35
20:33:00
14:36:09
15:30:12
07:58:05
19:48:00
22:23:45
08:40:39
11:04:32
13:55:34
19:22:13
14:17:19
13:49:04
00:56:54
07:16:32
02:21:02
19:50:10
07:40:23
22:24:01
04:43:37
13:34:04
01:06:31
18:16:21
18:32:08

41.6162
51.9653
48.6000
53.3544
53.9614
50.0082
45.8000
46.3814
43.7792
46.1061
43.8427
46.2743
52.2858
44.9730
48.7969
52.5389
47.3097
46.1061
43.8427
46.2743
52.2858
44.9730
48.7969
52.5389
47.3097

-80.4093
-83.9345
-80.9300
-82.1711
-83.0061
-85.7257
-81.6300
-75.2220
-79.1541
-74.6990
-78.4205
-75.6164
-80.6808
-74.0685
-80.2996
-80.3407
-73.0392
-81.0486
-81.3994
-73.4269
-76.4483
-76.3413
-74.8536
-75.0504
-75.0472

5.0
18.0

18.0
18.0
18.0

18.0
5.0

18.0
5.0

18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0
18.0

22
2.0
3.0
2.6
2.8
2.0
3.0
2.0
2.0
24
2.1
3.7
2.2
29
2.0
2.0
2.1
2.5
2.0
2.7
2.7
2.1
2.0
3.0
33
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function NAKAMURA (stat);

%

% This program is used to generate site response functions using
Nakamura’s (1989) method.
% 'stat' is the name of a station.

% Checks station name is valid.

if length(stat)~= 4;
'Invalid station name'
return

end

% 'pickfiles' is text file listing the '.pick' files created previously
using the function picktimes.m.
fidl = fopen('pickfiles.txt','r");

if fidl < 0;
'Work directory does not contain pickfiles.txt'

return
end
dt = 0.01;
df = 0.2;

f = [0:df:1/(2*dt)];

icount = 0;

srbuf = zeros(length(f),1);
[pickfile,count] = fscanf(fidl, '%s',1);

% Reads data from the pickfile.

while count == 1;
tl = NaN;
t2 = NaN;
ntl = NaN;
nt2 = NaN;
fid2 = fopen(pickfile,'r"');
[stattest,count2] = fscanf(fid2,'%s',1);

while count2 > 0;
[dummy, count2]} = fscanf (£id2, '%f',4);

if stattest == stat;
tl = dummy (1) ;
t2 = dummy(2);
ntl = dummy (3);
nt2 = dummy (4);
end
[stattest,count2] = fscanf (fid2,'%s',1);
end
fclose(fid2) ;

o3

% Gathers data from the related eventfile using function ‘uworead’.




if ~isnan(tl);

icount = icount + 1;

eventfile = strcat(pickfile(l:length(pickfile)-4),'uwo');
[titles,headers,data)l = uworead(eventfile);

[m,n] = size(data):

indx = [0,0,0];

j=1;

for iseis = l:n;

if titles(iseis,2:5) == stat;
indx (j) = iseis;
comp (J) titles(iseis, 9);

=3+ %L
end
end

nnl = round(ntl/dt + 1);
nn2 = round(nt2/dt + 1);

ti = 20;
for j = 1:3;
if comp(j) == '2';
nzdat = data(nnl:nn2,indx(j));
end
if comp(j) == 'E';
nedat = data(nnl:nn2,indx(j)):
end
if comp(j) == 'N';

nndat = data(nnl:nn2,indx(j)):

end
end

cnzdat = nzdat(l: (ti/dt)+1);
cnedat nedat (1: (ti/dt)+1);
cnndat nndat (1: (ti/dt)+1);

% Cosine tapers data using the function ‘taper’.

tnzdat = taper (cnzdat,5);
tnedat taper (cnedat, 5) ;
tnndat = taper (cnndat,5);

1

% Transforms the data and combines the horizontal spectra.

nzspecl = fft(tnzdat):;
nespecl fft (tnedat);
nnspecl fft(tnndat):
nhspecl = sgrt(nespecl.*nespecl + nnspecl.*nnspecl);

ndftmp = 1/ (dt* (length(cnzdat)-1));

% Smooths the data.
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for i = 2:(length(f)-1);

flow = f£(i-1);

fhigh = f(i+1);

nlow = round(flow/ndftmp) + 1;

nhigh = round(fhigh/ndftmp)+ 1;

nhspec (i) = mean(abs (nhspecl (nlow:nhigh))):

nzspec (i) = mean (abs(nzspecl (nlow:nhigh)));
end

flow = £(1);

fhigh = £(2);

nlow = round(flow/ndftmp) + 1;

nhigh = round(fhigh/ndftmp)+ 1;

nzspec(l) = mean (abs(nzspecl (nlow:nhigh))):;
nhspec(l) = mean (abs (nhspecl (nlow:nhigh)));

flow = f(length(f)-1);

fhigh = f(length(f));

nlow = round(flow/ndftmp) + 1;

nhigh = round(fhigh/ndftmp)+ 1;

nzspec (length(f)) = mean (abs(nzspecl (nlow:nhigh)));
nhspec (length(f)) = mean(abs(nhspecl (nlow:nhigh)));

% Calculates the H/V spectral ratio.

if icount == 1;
srbuf = (abs(nhspec)./abs(nzspec))';
else
srbuf (:,icount) = (abs(nhspec)./abs(nzspec))"';
end
end
[pickfile,count] = fscanf(fidl, '%s',1);
end

fclose (fidl);

xlswrite ('Raw Data', srbuf);
site_resp = zeros(length(f),1);
sr_std = zeros(length(f),1);

for j = l:length(f);
site_resp(j) = mean(srbuf(j,:)):
- sr_std(j) = std(srbuf(j,:)):

" end

nev = icount

plus = (site_resp)+(sr_std);
minus = (site_resp)-(sr_std);
resp = (cat(2,f',site_resp,sr_std,plus,minus));

xlswrite ('Response', resp);

96



function HVSR(stat):

)

©

Q

% This program is used to generate site response functions using HVSR
method of Lermo and Chavez-Garcia (1993).
% 'stat' is the name of a station.

% Checks that the station name is valid.

if length(stat)~= 4;
'Invalid station name'
return

end

97

% 'pickfiles' is text file listing the '.pick' files created previously
P

using the function picktimes.m.

fidl = fopen('pickfiles.txt','r');
if fidl < 0O;
'Work directory does not contain pickfiles.txt'

return
end
dt = 0.01;
df = 0.2;

f = [0:df:1/(2*dt)];

threshold = 2.0;

icount = 0;

srbuf = zeros(length(f),1);
[pickfile,count] = fscanf (fidl, '$s',1);

% Reads data from the pickfile.

while count == 1;
tl = NaN;
t2 = NaN;
ntl = NaN;
nt2 = NaN;
fid2 = fopen(pickfile, 'r");
[stattest,count2] = fscanf(fid2,'%s',1):

while count2 > 0;

[dummy, count2] = fscanf (fid2,'%f"',4);
if stattest == stat;

tl = dummy(1);

t2 = dummy(2);

ntl = dummy(3);
nt2 = dummy(4);
end
[stattest,count2] = fscanf(fid2, '%s',1);
end

fclose (£id2);

% Gathers both noise and earthquake data from the related eventfile
using function ‘uworead’.



s PR T T

if (~isnan(tl)

icount =
eventfile
[titles,headers, datal

[m,n}] =
indx =
j=1;

&

S

(tl > 0)):
icount + 1;

= strcat(pickfile(l:length(pickfile)-4), 'uwo');

ize (data);

[0,0,0];

for iseis
if titles(iseis,2:5) == stat;

end
end

i
c
J

= 1l:n;

ndx (j) = isei
omp(j) = titl
=3 + 1;

nl = round(tl/dt + 1);
n2 = round(t2/dt + 1);
nnl = round(ntl/dt + 1);
nn2 = round(nt2/dt + 1);

= uworead (eventfile);

S;
es (iseis, 9):;

:n2,indx (3));

nzdat = data(nnl:nn2,indx(j)):

:n2,indx(3)):

edat = data(nnl:nn2,indx(j)):

:n2,indx (3));

ndat = data(nnl:nn2,indx(j));

for j = 1:3;
if comp(j) == 'Z';
zdat = data(nl
end
if comp(j) == 'E';
edat = data(nl
n
end
if comp(j) == 'N';
ndat = data(nl
n
end
end

% Cosine tapers data using the function ‘taper’.

tzdat
tedat
tndat

tnzdat =

tnedat
tnndat

% Transforms th

i

e

zspecl =

especl
nspecl
hspecl

t
t
t

nzspecl =

nespecl
nnspecl
nhspecl

aper (zdat, 5) ;
aper (edat, 5);
aper (ndat, 5) ;

taper (nzdat, 5) ;
taper (nedat, 5) ;

taper (nndat, 5

)

data and combines the horizontal spectra.

fft (tzdat);
fft (tedat):;
fft (tndat):
sgrt (especl.*

fft (tnzdat);
fft (tnedat);
fft (tnndat) ;
sgrt (nespecl

especl + nspecl.*nspecl);

.*nespecl + nnspecl.*nnspecl);
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dftmp = 1/(dt* (length(zdat)-1));
ndftmp = 1/ (dt* (length(nzdat)-1)):

% Smooths the data.

for i = 2:(length(f)-1);
flow = £(i-1);
fhigh = f(i+l);
low = round(flow/dftmp) + 1;
high = round(fhigh/dftmp)+ 1;
zspec (i) = mean (abs(zspecl (low:high)));
hspec(i) mean (abs (hspecl (low:high)));

nlow = round(flow/ndftmp) + 1;
nhigh = round(fhigh/ndftmp)+ 1;

nzspec (i) = mean (abs (nzspecl (nlow:nhigh))):;
nhspec (i) = mean (abs (nhspecl (nlow:nhigh)));
end
flow = £(1);
fhigh = £(2);

low = round(flow/dftmp) + 1;
high = round(fhigh/dftmp)+ 1;

_zspec(l) = mean(abs(zspecl(low:high)));
hspec (1) mean (abs (hspecl (low:high)));

’

nlow = round(flow/ndftmp) + 1;

nhigh = round(fhigh/ndftmp)+ 1;
nzspec(l) = mean(abs(nzspecl (nlow:nhigh))):;
nhspec (1) mean (abs (nhspecl (nlow:nhigh)))

.
3

flow = f(length(f)-1);

fhigh = f(length(f));

low = round(flow/dftmp) + 1;

high = round(fhigh/dftmp)+ 1;

zspec (length (f)) mean (abs (zspecl (low:high)));
hspec(length (£f)) mean (abs (hspecl (low:high)));

nlow = round(flow/ndftmp) + 1;

nhigh = round(fhigh/ndftmp)+ 1;

nzspec (length(f)) mean (abs (nzspecl (nlow:nhigh)));
nhspec(length(f)) = mean (abs(nhspecl (nlow:nhigh)))

.
r

% Calculates the H/V spectral ratio. Rejects values below the
threshold SNR.

if icount == 1;
srbuf = (abs (hspec)./abs(zspec))';
hSNR = (abs (hspec)./abs(nhspec))’;
vSNR (abs (zspec) . /abs (nzspec)) ';
for j = l:length(f);
if (hSNR(j) < threshold | vSNR(j) < threshold);
srbuf (j) = NaN;
end
end
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else
srbuf (:,icount) = (abs(hspec)./abs(zspec))"';
hSNR(:,icount) = (abs{(zspec)./abs(nzspec))"';
vSNR (:,icount) = (abs(zspec)./abs(nzspec))';

for j = l:length(f);
if (hSNR(j,icount) < threshold | vSNR(j, icount) <
threshold);
srbuf (j,icount) = NaN;
end
end
end
end
[pickfile,count] = fscanf(fidl, '%s',1);
end

fclose(fidl);

xlswrite ('Raw Data', srbuf):;
site_resp = zeros(length(f),1);
sr_std = zeros(length(f),1);

for j = l:length(f);

site_resp(j) = nanmean(srbuf(j,:));
sr_std(j) = nanstd(srbuf(j,:));
end
nev = icount
plus = (site_resp)+(sr_std);
minus = (site_resp)-(sr_std);
resp = (cat(2,f',site_resp,sr_std,plus,minus));

x1lswrite ('Response’, resp);
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APPENDIX D
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Table D.1: Theoretical fundamental frequency (fp ) and peak amplification (4) values.

. EERA QUAKE/W NERA
Site Earthquake HH) A fH) A f(Hz) 4

Toronto, Short-period 1.6 8.1 1.6 6.3 1.4 52
Montreal, Short-period 1.4 7.0 1.4 5.8 1.2 3.5

BRCO Montreal, Long-period 1.4 5.9 1.4 5.9 1.4 4.8
Victoria, Short-period 1.0 5.0 1.0 43 1.2 1.5

Victoria, Long-period 1.2 6.1 1.2 5.3 1.4 4.5

Toronto, Short-period 2.8 5.9 3.0 6.9 3.0 7.9
Montreal, Short-period 2.8 6.6 2.6 5.7 2.6 54

ELFO Montreal, Long-period 2.6 6.2 2.6 6.2 2.6 4.9
~ Victoria, Short-period 22 5.8 2.2 5.8 2.0 3.0
Victoria, Long-period 2.2 6.1 2.2 5.3 2.4 5.5

Toronto, Short-period 1.4 6.3 1.4 5.2 1.2 5.2
Montreal, Short-period 1.2 4.7 1.2 4.7 1.2 3.1

PKRO Montreal, Long-period 1.2 5.4 1.2 5.4 1.2 3.8
Victoria, Short-period 0.8 33 0.8 33 1.2 1.3

* Victoria, Long-period 1.0 4.5 1.0 4.5 1.2 3.8
Toronto, Short-period 1.2 7.1 1.2 5.2 1.0 4.5
Montreal, Short-period 1.0 54 1.0 4.4 1.0 3.6

TORO Montreal, Long-period 1.0 54 1.0 4.5 0.8 3.0
Victoria, Short-period 0.6 3.9 0.4 2.6 0.6 1.1

Victoria, Long-period 0.8 3.5 0.6 4.4 0.6 4.4

Toronto, Short-period 3.8 7.9 3.8 7.9 3.8 7.9
Montreal, Short-period 3.6 7.2 3.4 6.7 3.2 5.0

TYNO Montreal, Long-period 32 7.2 3.2 7.2 3.5 5.1
Victoria, Short-period 22 8.5 2.6 5.7 22 3.8

Victoria, Long-period 24 5.9 2.8 6.6 3.8 7.3
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