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ABSTRACT 

This report presents a preliminary probabilistic seismic hazard analysis addressing an 

industrial lot at Bakki, near Húsavík, in North Iceland. The analysis is applied to obtain 

peak ground acceleration values and spectral acceleration response ordinates corre-

sponding to 10% probability of exceedance in 50 years, as well as other probabilistic 

reference values that may be of use in design. The inelastic structural behaviour has also 

been studied and spectral acceleration response ordinates for stiff and flexible system, 

respectively, are presented.  

It should be noted that the duration of strong shaking is relatively short for the 

study site. The dynamic amplification of earthquake induced response tends to be higher 

for distant events with the long duration, than for closer events with shorter durations. 

The rapid attenuation of spectral acceleration ordinates with increasing source distance 

is also pointed out. These aspects have an effect on both the spectral acceleration ordi-

nates and the structural behaviour factors. It is worth underlining that the result is a sig-

nificant reduction in computational earthquake design action compared to using the un-

calibrated box table values provided in Eurocode 8. 

Finally further earthquake hazard studies are suggested and outlined. 
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1. INTRODUCTION 

The study presented herein is a preliminary assessment of the seismic hazards and 

earthquake action on the proposed industrial lot at Bakki near Húsavík in North Iceland 

(66.08°N, 17.34°W). The objective of the study is to define preliminary earthquake de-

sign provisions to be applied in a feasibility study. The main emphasis is placed on the 

following topics: 

• Hazard curves for peak ground acceleration for selected return periods. 

• Hazard curves for elastic response spectrum ordinates of horizontal and vertical 

acceleration for selected range of undamped natural periods and 5% critical 

damping ratio. 

• Preliminary hazard curves for inelastic response spectrum ordinates for two se-

lected natural periods, constant ductility ratio and 5% critical damping ratio. 

• Preliminary design specifications for selected return periods in the form of an 

elastic design spectrum and summary of appropriate consideration of inelastic 

effects. 

The objective of an earthquake hazard analysis is to quantify the level of ground motion 

at the site due to earthquakes. The ground motion can be the intensity of the earthquake, 

displacement, velocity or acceleration of the seismic wave at the site. Seismic hazard is 

determined by the following three factors: 

• The distribution in time, space and size of the regional seismicity 

• The attenuation of seismic waves from the location of the earthquake 

• The action of the shallow geology in the distortion of the seismic signal 

The hazard can be estimated using deterministic or probabilistic methods (Cornell 

1968). Probabilistic methods entail evaluating the probability of exceeding a particular 

level of ground motion (such as a certain value of peak acceleration) at a site during a 

specific time interval (such as 50 years). The three major elements of the probabilistic 

method are: 

• the characterisation of seismic sources by: 

− compilation of an earthquake catalogue 

− delineation of the seismic sources 

− magnitude-frequency distribution 

• the characterisation of attenuation of ground motion, described by attenuation 

functions 

• computation of the probability analysis 

The analysis must incorporate the inherent uncertainty of the size, location, and time of 

occurrence of future earthquakes, and the attenuation of seismic waves as they propa-

gate from all possible sources in the region to all possible sites. For this purpose prob-

ability functions are required for: 
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• the magnitude,  

• the distance to earthquake source,  
• the strong ground motion estimation relations. 

 

The following chapters will discuss the above mentioned elements of a probabilistic 

hazard analysis. A short review of the seismic sources involved and the available earth-

quake catalogue is given in chapter 2 along with a discussion of Icelandic attenuation 

characteristics.  Models for estimating earthquake motion are briefly discussed in chap-

ter 3 and the regression models applied in this study introduced. The fundamentals of 

the probabilistic seismic hazard analysis are presented in chapter 4. The corresponding 

design specifications suggested are given in chapter 5, along with few comments em-

phasising the importance of a conceptual design approach.  
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2. SEISMICITY  

2.1 General description 

Iceland is a super-structural part of the Mid Atlantic Ridge marking the boundary be-

tween the North American and the Euro-Asian Plate. The Ridge can be visualised as a 

belt of seismic activity. At the Reykjanes Peninsula the plate boundary is seen as a seis-

mic delineation centring the Reykjanes Seismic Zone (RSZ). Across Iceland from 

southwest to the north, the plate boundary is displaced to the east through two major 

fracture zones, the South Iceland Seismic Zone (SISZ) in the lowlands of the south and 

the Tjörnes Fracture Zone in the north (North Iceland Seismic Zone, NISZ), which is 

mostly located offshore. The largest historic earthquakes in Iceland have occurred 

within these zones the size of which have exceeded magnitude 7. The focal mechanism 

of these earthquakes is characteristically a strike-slip faulting, which is consistent with 

transform fault interpretation. The clear topographic expression characteristic of frac-

ture zones on the ocean floor is missing, however, and in neither zone is the transform 

motion taken up by a single major fault. Beside these three main regions of seismic ac-

tivity, intraplate earthquakes have occurred in the western and north-western part of the 

country and also off the East Coast. These earthquakes are not expected to exceed mag-

nitude 5½-6. Furthermore, seismic activity of lesser magnitude but greater frequency is 

observed in the in the volcanic zones. The main features of the seismo-tectonics are 

summarised in Figure 2.1 below. A more detailed overview can be found in Einarsson 

(1991) and Bourgeois et al. (1998). 

 

2.2 Earthquake source zones  

The North Iceland Seismic Zone is a broad region of faulting and seismic activity, 

which connects the submarine Kolbeinsey Ridge and the volcanic zone in North 

Iceland at Öxarfjörður1. Earthquake epicenters are scattered throughout the region, 

which is about 80 km wide from north to south and 150 km long between 

Melrakkaslétta in the east to Skagi in the west.  There is a concentration of epicenters in 

the northeastern part of the zone indicating higher activity than in the western part.  The 

seismic character of the zone is complex and cannot be associated with a single fault or 

plate boundary. Studies of recent earthquakes show that a considerable part of the 

seismicity is associated with three hypothetical parallel WNW trending lines, visualised 

as seismic delineations. 

 

                                                 
1 Sæmundsson, K., Karson, A,K. (2006): Stratigraphy and Tectonics of the Húsavík-Western Tjörnes 
Area. ÍSOR-2006/032, 2006. 
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Figure 2.1 – Main tectonic structures and earthquake epicentres: The grey areas indicate vol-
canic zones; solid lines indicate rift zones offshore representing parts of the Mid-Atlantic 
Ridge; the rift zones on land are located at the Eastern, the Western and the Northern Volcanic 
zones; dashed lines indicates fracture zones offshore and seismic lineation; SISZ is the South 
Iceland Seismic Zone; TFZ is the Tjörnes Fracture Zone; WIFZ is the West Iceland fracture 
Zone; white circles denote earthquake epicentres (Ambraseys and Sigbjörnsson, 2000); red cir-
cles show epicentres of events recorded by the Icelandic Strong-motion Network during the 
South Iceland earthquake sequence in June 2000 and the blue circles denote the two largest 
events in June 2000 (http://www.ISESD.hi.is).  

 

The first of these, counting from north-east, is the Grimsey seismic delineation 

that runs slightly north of Grímsey and joins the Krafla fissure swarm in Axarfjördur. It 

has not a clear trace in the topography. Instead, the surface structure is characterized by 

northerly trending troughs and ridges. In some respect this resembles the structure in the 

SISZ where the epicentral belt lacks clear surface manifestation. 

 The second seismic delineation, which runs NWN from Húsavík across Flatey 

and north of Eyjafjördur. The 1872 magnitude 6½ earthquake originated within this de-

lineation. It caused widespread damage in Húsavík, Flatey and Flateyjardalur. 

The third assumed seismic delineation runs NWN from Krafla Central Volcano 

across Eyjafjördur near Dalvík and to the mouth of Skagafjördur. Magnitude 7 earth-

quake occurred in the mouth of Skagafjördur on this third delineation in 1963. As is the 

case with most historic earthquakes in the NISZ, the epicentre was off the coast in the 

ocean and the land intensity therefore low to moderate. The earthquake caused alarm 

and some damage in the nearby town of Saudárkrókur. 
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2.3 Characterisation of seismic sources - Earthquake catalogue  

The characterisation of seismic sources, involves quantifying three physical parameters 

of a potential seismic source: 

1. geometry and location of the source (or fault), (where do earthquakes occur?) 

2. rate of earthquake recurrence (how often do earthquakes occur?) and 

3. maximum magnitude, (how big can we expect theses earthquakes to be?). 

Seismicity catalogues are the fundamental data base used to determine where, 

how often, and how big earthquakes are likely to be. However seismicity statistics are 

generally based on geologically short catalogues. Therefore the information from seis-

mic monitoring, historic records, geodetic monitoring, and geologic records are com-

bined to characterise seismic sources. These data, when available, are used to interpret 

seismic source zones. Because different interpretations of the input data are possible, 

large uncertainties are often associated with source characterisation. 

 

 
Figure 2.2 - Spatial distribution of earthquake epicentres in the Parametric Earthquake Cata-
logue for Iceland for the period 1896 to 1996 (Ambraseys and Sigbjörnsson, 2000). The follow-
ing colour code is used: blue - MW ∈ [7.0; 7.5];  purple - MW ∈ [6.5; 7.0];  red - MW ∈ [6.0; 
6.5];  orange - MW ∈ [5.5; 6.0];  yellow - MW ∈ [5.0; 5.5);  yellow-green - MW ∈ [4.5; 5.5];  
green - MW ∈ [4.0; 4.5];  white - MW ∈ [3.0; 4.0] or undefined. 
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Figure 2.3 - Time-line of the Parametric Earthquake Catalogue for Iceland showing surface-
wave magnitude as a function of time. 

 

 

A Parametric Earthquake Catalogue for Iceland has been compiled by Am-

braseys and Sigbjörnsson (2000). The study area is defined as the area between the lati-

tudes 62°N and 68°N and the longitudes 12°W and 26°W. The time period spanned by 

the catalogue is one century, i.e. from 1896 to 1996. The selection of the starting year 

for the catalogue is the fact, that the first earthquake in Iceland for which there is avail-

able instrumental data is the destructive 1896 South Iceland Earthquake. The magnitude 

scale applied is the surface-wave magnitude scale. Total number of events in the com-

piled catalogue is 422, including 276 events with recalculated surface-wave magnitude. 

The geographical distribution of earthquakes is shown in Figure 2.2, including 

all events. The circles denote earthquake epicentres, as previously, applying an extended 

colour code as well as the size of the circles to visualise the earthquake magnitude. The 

time-line of earthquake activity, as furnished in the events with recalculated surface-

wave magnitude, is depicted in Figure 2.3.  

The catalogue can be regarded as complete during the whole period for events 

with magnitudes exceeding roughly 4½ which is normally considered satisfactory for 

engineering hazard assessment. Furthermore, the catalogue seems to cover the main 

earthquake areas fairly.  
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2.4 Rate of earthquake recurrence and Maximum magnitudes  

The activity of each source is described by frequency-magnitude occurrence relation-

ship. The rate of recurrence of earthquakes on a seismic source is assumed to follow the 

Gutenberg-Richter relation, expressed herein as: 

( )Mban −= exp         (2.1) 

where n is the number of events per year having magnitudes greater than M and a and b 

are constants defined by regression analysis. The slope of the magnitude-frequency 

Gutenberg-Richter defines the “b-value” parameter. For a single source, the modified 

(double truncated) Gutenberg-Richter relation is  

( )( )( ) ( )( )( )min max min 1 exp / 1 expnN a b M M b M M = − − − − − −
 

  (2.2) 

Mmax and Mmin are the upper and lower bound magnitude on the source, an is the total 

number of events in a closed magnitude intermal [Mmin: Mmax]. Mmin, is the magnitude 

below which no engineering-significant damage is expected and Mmax represents the 

maximum expected magnitude. The maximum magnitude is related to the tectonic set-

ting, geometry, and type of the seismic source. To characterise each source zone, the 

following parameters are evaluated:  

• Mmax and Mmin, the upper and lower bound magnitude on the source 

• the Gutenberg-Richter earthquake recurrence parameter (β-value) 

• the activity rate αn the number of event per year having magnitudes equal to or 

greater than Mmin on the source, and additionally 

• the average hypocentral depth 

It is clear that the presented parametric earthquake catalogue contains different 

types of earthquakes occurring within our study area. For instance, it seems obvious that 

the catalogue contains earthquakes related to volcanic activity as well as earthquakes of 

more direct tectonic origin from at least three fault zones. Based on this observation it is 

suggested that the magnitude distribution function can be obtained by approximating the 

parent earthquake population as a mixture of, at least, two different, exponentially dis-

tributed populations. The compound density function of the total data set can be ex-

pressed as: 

1 1 2 2 1,min 2,max

2 2,max 2,max

exp( ) exp( );

;

a b M a b M M M M
n

M M M Mχ
− + − ≤ <

=  ≤ < + ∆
 (2.3) 

Here, M1,min, M1,max, M2,min, M2,max, ∆M, α1, β1, α2, β2 and χ2 are model parameters. The 

parameter χ2 is included to account for uncertainties in the magnitude determination. 
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The cumulative distribution derived from Eq. (3) is given as follows: 

( )

( )

1
1 1 1,max

1

2
2 2 2,max 2 1,min 2,max

2

2 2,max 2,max 2,max

exp( ) exp( )

exp( ) exp( ) ;

( );

a
b M b M

b

a
b M b M M M M MN

b

M M M M M M M

χ

χ

 − − −

 + − − − + ∆ ≤ <= 


 + ∆ − ≤ < + ∆

       (2.4) 
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Figure 4 – A cumulative distribution of earthquakes within the study area. The red curve is an empirical 
distribution derived from the parametric earthquake catalogue and the black curve is obtained by regres-
sion analysis. The parameters obtained are: α1 = 15.1431, β1 = 2.079, α2 = 2.1301, β2 = 0.047305, 
max(MS) = Mmax = 7.2976.  
 
 

 Figure 2.4 displays the fitted distribution, Eq.(2.4), along with the empirical 

magnitude distribution as derived from the parametric catalogue. The corresponding 

density function, Eq.(2.3) is plotted in Figure 2.5 along with the empirical data. The fit 

seems to be reasonable, even though the log-scale distorts the “vision”. It should also be 

clear after visual inspection of Figure 2.4 and 2.5 that the suggested compound distribu-

tion fits the data betted than a traditional exponential distribution. 
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Figure 5 – A density distribution of earthquakes within the study area. The red curve is an empirical dis-
tribution derived from the parametric earthquake catalogue and the black curve is obtained by regression 
analysis. The parameters obtained are: a1 = 15.1431, b1 = 2.079, a2 = 2.1301, b2 = 0.047305, max(MS) = 
Mmax = 7.2976.  
 
 

2.5 Characterisation of attenuation of ground motion  

Estimates of expected ground motion at a given distance from an earthquake of a given 

magnitude are the second element of earthquake hazard assessments. These estimates 

are usually equations, called attenuation relationships, which express the expected 

ground motion as a function of distance for a given magnitude (and occasionally other 

variables, such as type of faulting). Ground motion attenuation relationships may be de-

termined in two different ways: empirically, using previously recorded ground motions, 

or theoretically, using seismological models to generate synthetic ground motions which 

account for the source, site, and path effects. However, there is an overlap in these ap-

proaches, since empirical approaches fit the data to a functional form suggested by the-

ory and theoretical approaches often use empirical data to determine some parameters. 

The ground motion at a site depends on the earthquake source, the seismic wave 

propagation and the site response. Earthquake source signifies the earthquake magni-

tude, the depth and the focal mechanism, the propagation depends mainly on the dis-

tance to the site. The site response deals with the local geology (site classification: hard 

rock, soft rock, etc.). Hazard values calculated for rock/stiff soil sites (the most common 

site classifications) are lower than hazard values calculated for soil sites.  

Attenuation in Iceland is faster than predicted by most of the common attenua-

tion models found in the literature (see for instance Douglas, 2003 and 2004). This is a 
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well established property of Icelandic earthquakes and is believed to be related to the 

geological properties of the Icelandic crust and the characteristics of Icelandic earth-

quakes. The crust is relatively young in geological terms, heterogeneous and cracked. 

This results in higher anelastic attenuation than found in the continental crusts. The 

largest earthquakes in Iceland originating in the above mentioned fracture zones are 

characterised as shallow strike-slip earthquakes with a vertical fault plane rupturing to 

the surface for moderate sized events. These results in a narrow near source zone where 

the peak ground acceleration is roughly constant for a given event (see Figure 1). For a 

magnitude 6½ event the size of this near source zone is limited to an area stretching 5 to 

6 km from the surface trace of the causative fault. In the intermediate field the attenua-

tion is faster than in the far field where it is found to be inverse proportional to the 

source distance. For the above mentioned moderate sized event the horizontal peak 

ground acceleration has attenuated down to approximately 15% g at a 15 km distance 

from the surface trace of the causative fault (see Sigbjörnsson and Ólafsson, 2004).  
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3. STRONG-MOTION ESTIMATION MODELS 

3.1 General remarks 

The term strong-motion estimation models refer on one hand to the so-called ground 

motion estimation model and on the other hand to the earthquake response spectrum 

estimation model. They can be used to obtain characteristic quantities like peak ground 

acceleration and response spectrum acceleration. Furthermore, they are also used to 

generate synthetic accelerograms and time series for ground motion and structural 

response.  

The methods and models outlined in this chapter are the basis for the 

probabilistic seismic analysis presented in the following Chapter. 

The ground motion estimation models, often referred to as attenuation models 

or attenuation laws, are used to obtain values for quantities used to describe the ground 

motion at a given site induced by earthquakes in a surrounding seismogenic region. 

These models can be divided into two main classes. Firstly, there are theoretical 

models, which are derived using the basic principles of mechanics. Secondly, we have 

models derived using regression analysis, which in principle consists of fitting an 

optimal model to a predefined strong-motion data set.  

Strong-motion estimation models derived by regression analysis are more 

common in engineering applications than the theoretical models. A comprehensive 

overview of the available range of regression type models has been given by Douglas 

(2004). The reliability of these models relies heavily on the data set applied to derive 

the model parameters although the functional form is also an important factor. 

Earthquake response spectrum estimation models are of fundamental 

importance in aseismic design of structure and are one of the key tools applied in 

design codes. Although the response spectrum is defined for single degree-of-freedom 

systems, it is used in practise for multi-degree-of-freedom systems applying an 

appropriate superposition principle. Strictly speaking the response spectrum 

superposition methods are only applicable to linear elastic structures. However, it has 

been extended to non-linear structures by modifying the input response spectra for 

different non-linear effects, for instance by introducing the ductility factor as an 

additional parameter to describe the system behaviour (Newmark and Hall, 1969). Such 

methods are commonly applied in codified design procedures where the dynamic 

action, especially for regular structures, is transformed into “statically equivalent 

loads”.  
 
 

3.2 Regression type strong-motion estimation models models  

In a resent study Ambraseys et al. (2005) derived a new set of regression models for 

both horizontal and vertical strong motion, which fulfil as far as possible the required 

model criteria and in addition account for the different faulting mechanism. The applied 
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data is from the ISESD data bank (http://www.ISESD.hi.is, 2005), which is one of the 

best available sources for strong ground motion data. Table 3.1 lists the countries of ori-

gin, which are from Europe and the Middle East. We see that almost 12% of the records 

originate from Iceland. Hence, the seismic environment in Iceland should be fairly well 

represented. 

In the models introduced by Ambraseys et al. (2005) the peak ground accelera-

tion, PGA, and response spectrum, Sa, are expressed respectively, as follows: 

( )
( )

, , ,

, , , ,

G w

a R n w

PGA f M d sitecondition style of faulting

S f T M d sitecondition style of faulting

=

=
 

Here, d is distance from site to source, Mw is moment magnitude and Tn is the un-

damped natural frequency of the structure. 

The functional form adopted in the study of Ambraseys et al. (2005) is given as: 

( ) 2 2
10 1 2 3 4 10 5 6 7 8 9 10log ( ) logw w S A N T OS a a M a a M d a a S a S a F a F a F= + + + + + + + + +  

(4.1) 

Here the following notation is used:  

a1 … a10 are regression coefficients derived using the data set outlined above, 

Mw is moment magnitude (≥ 5), 

d is source to site distance in km, 

SS = 1 for soft soil sites and 0 otherwise,  

SA = 1 for stiff soil sites and 0 otherwise,  

FN = 1 for normal faulting earthquakes and 0 otherwise,  

FT = 1 for thrust earthquakes and 0 otherwise and  

FO = 1 for odd faulting earthquakes and 0 otherwise. 

 

This general form is used both for the peak ground acceleration and the response 

spectral ordinate for both horizontal and vertical motion. Two different sets of regres-

sion coefficients are used to represent each component of acceleration. For the spectral 

ordinates, one set of parameters is derived for each set of undamped natural periods and 

critical damping ratios.  

It should be noted that no data from western North America is used by Am-

braseys et al in the derivation of the regression model equations. That decision was, in 

part, based on the finding of Douglas (2004) that ground motions in Europe and Cali-

fornia US data seem to be significantly different. However, when the model was com-

pared with data from the Parkfield earthquake (28th September 2004) it was found to fit 

the data reasonably well, thus indicating that the differences in ground motions between 

western North America are perhaps not as significant as would be thought given the 

analysis of Douglas (2004). 



Earthquake Hazard – Preliminary assessment for an industrial lot at Bakki near Húsavík  17 

 

Table 3.1 - Distribution of strong-motion after countries of origin (Ambraseys et al., 2005). 

Country Number of records 

Italy 

Turkey 

Greece 

Iceland 

Serbia & Montenegro 

Iran 

Slovenia 

Georgia 

Armenia 

Spain 

Portugal 

Other countries 

174 

128 

112 

69 

24 

17 

15 

14 

7 

6 

4 

25 
Total 595 
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Figure 3.1 – Attenuation of linear elastic spectral acceleration response. Comparison of strong-
motion estimation models to data. Undamped natural period is 1.0 s and the critical damping 
ratio is 5%. The blue curve represents the Ambraseys et al. model (2005), and the blue dashed 
curves represents ± one standard deviation. The circles and triangles represent data from the 
South Iceland earthquakes on 17 and 21 June 2000.  
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Comparison to Icelandic data 
Earlier studies, where available regression models have been applied to Icelandic data 

have indicated slower attenuation than is characteristic for the Icelandic data (Ólafsson, 

1999). This is also seen to be the case in Figure 3.1, where the Ambraseys et al. (2005) 

model is compared to data from the June 2000 earthquakes, as well as a theoretical 

model discussed in Sigbjörnsson and Ólafsson (2004).  

Similar results are obtained for the response spectrum. However, we get gener-

ally a better fit for the more flexible structures than for the stiffer ones. A more thor-

ough discussion of the bias can be found in Ambraseys et al. (2005). 
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4. PROBABILISTIC SEISMIC HAZARD ANALYSIS 

4.1 Introduction 

The term seismic hazard is commonly used to describe potentially damaging phenom-

ena associated with earthquake threats. Most often it is used to describe the phenomena 

qualitatively by setting up possible scenarios and spelling out potential effects. On the 

other hand, when the intention is to express quantitatively the likelihood, frequency or 

probability of occurrence of specified effects at a particular site in a given region the 

term is commonly referred to as probabilistic seismic hazard and the quantitative meth-

odology used named probabilistic seismic analysis.  

Probabilistic seismic hazard analysis grew out of the societal needs for improved 

engineering design. The theoretical foundation of the analysis is based on the frame-

work of structural reliability and safety. The basic elements of the commonly applied 

mainstream methodology are outlined in Figure 4.1 emphasising the derivation of engi-

neering design criteria for earthquake-induced ground motion. The same methodology 

applies obviously also to the development of structural design criteria expressed in 

terms of uniform hazard spectra to be used in performance based codified design. 

The probabilistic seismic hazard analysis used in contemporary studies is com-

monly based on the work of Cornell (1968) and McGuire (1978). Furthermore, a good 

overview can be found in Chen and Scawthorn (2003), especially in Chapter 8 by Ten-

haus and Campbell on Seismic Hazard Analysis. The book by McGuire (2004) on 

Seismic Hazard and Risk Analysis is also worth mentioning, where the state of the art 

of the methodology is outlined and summarised emphasising the practical aspects from 

the engineering point of view.  

The basic elements of the solution technique fall within the framework of Monte 

Carlo simulation techniques. The strength of this technique is its simplicity and flexibil-

ity in dealing with multiple faults and source zones. In fact no limitation is set on the 

complexity of modelling the regional or local seismicity. Furthermore, the technique 

applies both to linear elastic and non-linear inelastic system behaviour and is consistent 

with methods most commonly used in structural reliability analysis and prediction 

(Melchers, 2002). 

The purpose of this chapter is to outline the applied methodology and present the 

obtained computational results put forward as hazard curves and uniform hazard spec-

trum for the study site.  

 

 

 

 

 

 

 



Earthquake Hazard – Preliminary assessment for an industrial lot at Bakki near Húsavík  20 

 

 

 
 

 
Figure 4.1 - Elements of probabilistic hazard analysis and its application in the development of 
seismic design criteria for structural design (Tenhaus and Campbell. In Chen and Scawthorn, 
2003). 
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4.2 Methodology 

The methodology applied follows the main trend in probabilistic seismic hazard analy-

sis as presented by Chen and Scawthorn (2003) and McGuire (2004). Details of the ap-

proaches as applied to Icelandic seismic environment are discussed thoroughly by 

Ólafsson, Sigbjörnsson, Snæbjörnsson, Sólnes and Elíasson in a series of papers and 

reports (see the References). 

A central model in seismic hazard and risk assessment is the so-called strong 

motion estimation equations, sometimes referred to as the attenuation scaling relation-

ship or simply the attenuation law. It is used for prediction of strong-motion at a given 

site induced by a seismic event with given characteristics as discussed in the preceding 

chapter. By such a model it is possible to transfer the seismicity of a given seismogenic 

region into earthquake action required for design of structures.  

The uncertainties involved in this process can be divided into two main catego-

ries, sometimes referred to as aleatory and epistemic uncertainties. The epistemic uncer-

tainties are due to lack of knowledge required to describe the phenomenon. Obtaining 

new data and refining the modelling can reduce these uncertainties. Aleatory uncertain-

ties, on the other hand, are related to the inherent unpredictability of earthquake proc-

esses. Such uncertainties cannot be reduced but are an intrinsic part of nature. It is im-

portant to be able to quantify these uncertainties correctly in the design process to en-

sure adequate safety and reliability of the designed structures. 

The first step of the detailed computational procedure is the simulation of a pa-

rametric earthquake catalogue for the study area. The following is required: 

• Definition of the seismo-tectonic model to be applied (see Chapter 2). 

• Definition of the study site including uncertainty in location if required 

• Definition of a study area around the study site and disregard the events outside 

this study area to reduce the computational effort 

• Save the catalogue data for a later use 

• Plot the data to indicate their geographical distribution and magnitude density 

The earthquake magnitudes of the synthetic parametric earthquake catalogue are 

simulated as follows. For each source zone the earthquake magnitudes are assumed to 

follow the so-called Gutenberg-Richter magnitude law (see Chapter 2).  

In the modelling it is required to select an upper boundary for the magnitudes 

Mmax which should reflect the seismo-tectonic properties of each source zone. Further-

more, it is a general practice to select a lower boundary of magnitude, which usually is 

related to events that are so small that they do not have damaging effects on engineered 

structures. This lower magnitude has been taken equal to 4 in the present study for all 

zones, which conforms to the common practice. The upper bounds on the other hand are 

zone dependent (see Chapter 2). 
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The earthquake locations, epicentres, of the synthetic parametric earthquake 

catalogue are simulated as follows corresponding to each event magnitude. It is as-

sumed that the locations of the epicentres are normally distributed with a prescribed 

mean location and a standard deviation. The mean location is defined along a seismic 

lineation, i.e. straight line, between two points, point no. i and point no. j. The statistical 

mean location is taken to be uniformly distributed along the seismic lineation and the 

individual epicentres are normally distributed around the mean location assuming in the 

current study that the standard deviations is isotropic, i.e. in any two perpendicular di-

rections it is taken to be equal. 

It should be underlined that it is usually required for a Monte Carlo simulation 

of structural response to apply a long time period. However, the length of the time pe-

riod usually depends on the applications. For practical purposes it is often required to 

simulate at least the equivalent of 10 to 100 thousand years if annual probability values 

down to 10-4 to 10-5 are required. 

The earthquake hazard curves are derived from the synthetic earthquake cata-

logue applying the strong-motion estimation models (see Chapter 3) and order statistics. 

Even though the simulation is carried out for a big catalogue, i.e. a catalogue covering a 

very long time period, the hazard curves show some random deviation from the ex-

pected smooth curve. This can be dealt with in a different way. First approach might be 

to treat the simulated data in a similar way as data obtained by physical measurements 

that is by using theory of extreme value statistics. This approach is based on application 

of the asymptotic extreme value distribution and may be sensitive to the data range used 

to derive the regression line and are, hence, depending on subjective judgements. The 

second alternative, a more straight forward approach, may therefore be to repeat the 

simulation of the hazard curve several times and then take the average value. This ap-

proach gives consistent results for the hazard values considered even after 25 simula-

tions based on synthetic earthquake catalogue covering time period of 200 centuries. An 

example of the spatial distribution of the epicentres of simulated events can be seen in 

Figure 4.2.  

However, an important question in any simulation study is: How long should the 

simulation series be to produce reliable results?  In this context it is, however, worth 

noting that the variability or random behaviour observed in the computed hazard curves 

can partly been assigned to the simulation procedure and partly to the nature of the 

earthquake processes reflected in the data used to derive the strong-motion estimation 

equation. It is possible and desirable to reduce the fluctuations due to the numerical pro-

cedure adopted by using the above mentioned methods. Other undulations commonly 

seen in the uniform hazard spectra are inherent in the basic data and can only be reduced 

by introducing additional earthquake recordings.  
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Figure 4.2 – An example of simulated parametric earthquake catalogue for North Iceland. The 
time period is 300 years (s = 3), study site is near Húsavík, and the radius of the study area is 70 
km. The magnitude range is between 4 and 7.4, depending on the source and the simulation. 
 
 

4.3 Hazard curves for peak ground acceleration  

The first step in any quantitative hazard analysis may reasonably be to use an available 

earthquake catalogue at hand and compute the hazard curves for the desired quantities. 

This has been done for the horizontal peak ground acceleration applying the catalogue 

of Ambraseys and Sigbjörnsson (2000), which is based on instrumental data (see Chap-

ter 2) and the strong motion estimation equations of Ambraseys et al. (2005) discussed 

in Chapter 3. The results are presented in Figure 4.3 for the study site assuming the site 

conditions being rock. It is seen that the peak ground acceleration does not exceed 20% 

g corresponding to mean return period equal to 100 year, i.e. annual probability of ex-

ceedance equal to 0.01. This conforms, broadly speaking, to the fact that no structural 

damage has been observed near the study site during the last century or so, in spite of 

the fact that the biggest events during that time have exceeded magnitude seven within 

the study area. 

These short term data have been extrapolated using the methodology outlined 

above. The results are displayed in figure 4.4 showing the peak ground acceleration data 

based on a simulated catalogue and the assumed rock site conditions. The red curve re-

flects the hazard derived using the uncertainties in peak ground acceleration included in 

the applied strong-motion estimation model, while the blue curve is derived by reducing 

this uncertainty by factor two. For small probability there is a considerable difference 

between those two curves even though the deviation is only moderate for the upper part 
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of the curves. In the following analysis we only report curves corresponding to the red 

curve in figure 4.2.  
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Figure 4.3– Horizontal peak ground acceleration for the study site using an instrumental earth-
quake catalogue and assuming rock site conditions. 
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Figure 4.4 – Horizontal peak ground acceleration for the study site based on synthetic paramet-
ric earthquake catalogue and assuming rock site conditions. 
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The horizontal lines shown in Figure 4.4 indicate different probability levels, 

where especially the level corresponding to mean return period of 475 year is in accor-

dance with Eurocode 8. The horizontal peak ground acceleration values derived from 

the hazard curves corresponding to some commonly used probability level are displayed 

in Table 4.1. The values given for mean return period equal to 475 year are in reason-

able agreement with published maps for earthquake hazard in Iceland. 

Similar values for the vertical peak ground acceleration are listed in Table 4.2. It 

is worth pointing out that the ratio between the vertical and horizontal acceleration is 

about 60% for the mean return period in the tables, except for the longest period re-

ported. It is also noted that this ratio approaches 1 as the mean return period becomes 

very long, say, 10,000 year or more. 

 

 
 

Table 4.1 - Horizontal peak ground acceleration (PGA) derived from the hazard curves.  

 

Reference 

Mean return  

period 

(year) 

Annual  

probability of 

 exceedance 

Probability of  

exceedance 

in 50 years 

Simulated  

horizontal 

PGA (g) 

 95 1.05% 40.92 0.21 

 144 0.69% 29.3% 0.26 

EUROCODE 8 475 0.21% 10.0% 0.44 

 1,000 0.10% 4.88% 0.56 

 3,000 0.033% 1.65% 0.65 

 
 
 
Table 4.1 - Vertical peak ground acceleration (PGA) derived from the hazard curves.  

 

Reference 

Mean return  

period 

(year) 

Annual  

probability of 

 exceedance 

Probability of  

exceedance 

in 50 years 

Simulated  

vertical 

PGA (g) 

 95 1.05% 40.92 0.13 

 144 0.69% 29.3% 0.15 

EUROCODE 8 475 0.21% 10.0% 0.27 

 1,000 0.10% 4.88% 0.34 

 3,000 0.033% 1.65% 0.53 
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4.4 Uniform hazard spectrum for linear elastic response 

The uniform hazard spectrum is derived in a similar manner as the above presented peak 

ground acceleration values in Tables 4.1 and 4.2. The starting point is a synthetic para-

metric earthquake catalogue. In general it enhances the accuracy of the estimation if 

more than one catalogue is applied. Then the hazard curves for the spectral ordinates are 

derived using the strong-motion estimation models presented in Chapter 3. The results 

are in principle reflected in Figure 4.5 below.  
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Figure 4.5 – Horizontal response spectrum ordinates for the study site based on synthetic para-
metric earthquake catalogue and assuming rock site conditions. Two different undamped natural 
periods are included, respectively, 0.2 s (red curve, and 1.0 s (blue curve). The critical damping 
ratio is 5% in both cases. 

 

The uniform hazard spectra are then obtained from the hazard curves covering 

undamped natural periods logarithmically spaced in the range 0.06 to 2.0 s. In all cases 

the critical damping ratio is taken equal to 5% of the critical value. The results are 

showed in Figure 4.6 and 4.7, respectively, for the horizontal and vertical action from. 

Corresponding values are given in Table 4.3 and 4.4. 

To facilitate the comparison of the uniform hazard spectra with standardise codi-

fied spectra a normalisation is performed using the peak ground acceleration as a refer-

ence value. This process gives the curves presented in Figure 4.8 and 4.9 below. 

It is seen that the variation of the normalised spectra for the different mean re-

turn period is not very great. This supports the commonly accepted simplification to 

adopt only one curve to describe the normalised spectrum. Especially this appears to be 

reasonable for the vertical action. 

 

CRITICAL DAMPING RATIO = 5% 
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Figure 4.6 – Horizontal earthquake response spectra for linear elastic systems under uniform 
hazard. Critical damping ratio is equal to 5%. Site conditions are rock. 
 
 

 
 
Figure 4.7 – Vertical earthquake response spectra for linear elastic systems under uniform haz-
ard. Critical damping ratio is equal to 5%. Site conditions are rock. 
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Figure 4.8 – Normalised horizontal earthquake response spectra for linear elastic systems under 
uniform hazard. Critical damping ratio is equal to 5%. Site conditions are rock. 
 
 

 
 
Figure 4.9 – Normalised vertical earthquake response spectra for linear elastic systems under 
uniform hazard. Critical damping ratio is equal to 5%. Site conditions are rock. 
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Table 4.3 – Horizontal spectral ordinates. T is the mean return period corresponding to the prob-
abilities listed in Table 4.1 and 4.2. Critical damping ratio is equal to 5%. Site conditions are 
rock.  

Horizontal Spectral ordinates (g) Natural Period 
(s) T = 95 year T = 144 year T = 475 year T = 1000 year 

0.000E+00 2.114E-01 2.578E-01 4.403E-01 5.559E-01 
6.000E-02 3.389E-01 4.280E-01 6.966E-01 8.458E-01 
6.387E-02 3.537E-01 4.549E-01 7.128E-01 8.786E-01 
6.799E-02 3.961E-01 4.960E-01 7.845E-01 9.803E-01 
7.238E-02 4.016E-01 4.880E-01 7.898E-01 9.457E-01 
7.705E-02 4.292E-01 5.135E-01 7.924E-01 9.908E-01 
8.202E-02 4.207E-01 5.097E-01 8.314E-01 1.031E+00 
8.731E-02 4.247E-01 5.309E-01 8.373E-01 1.006E+00 
9.295E-02 4.513E-01 5.716E-01 8.662E-01 1.041E+00 
9.894E-02 4.727E-01 5.928E-01 9.100E-01 1.056E+00 
1.053E-01 4.672E-01 5.809E-01 9.555E-01 1.103E+00 
1.121E-01 4.616E-01 5.796E-01 9.215E-01 1.118E+00 
1.194E-01 4.883E-01 5.923E-01 8.685E-01 1.030E+00 
1.271E-01 5.052E-01 6.096E-01 9.295E-01 1.128E+00 
1.353E-01 4.931E-01 6.193E-01 9.978E-01 1.187E+00 
1.440E-01 5.201E-01 6.314E-01 9.491E-01 1.174E+00 
1.533E-01 5.048E-01 5.914E-01 9.382E-01 1.228E+00 
1.632E-01 4.923E-01 5.979E-01 1.004E+00 1.237E+00 
1.737E-01 5.087E-01 5.981E-01 9.216E-01 1.177E+00 
1.849E-01 5.067E-01 6.124E-01 9.420E-01 1.247E+00 
1.968E-01 4.756E-01 5.648E-01 8.915E-01 1.138E+00 
2.095E-01 4.737E-01 5.566E-01 8.257E-01 1.080E+00 
2.230E-01 4.367E-01 5.108E-01 8.408E-01 1.027E+00 
2.374E-01 4.255E-01 5.049E-01 8.347E-01 1.019E+00 
2.527E-01 4.021E-01 4.761E-01 8.312E-01 1.111E+00 
2.691E-01 3.957E-01 4.676E-01 7.576E-01 9.493E-01 
2.864E-01 3.577E-01 4.467E-01 7.251E-01 9.442E-01 
3.049E-01 3.484E-01 4.206E-01 6.995E-01 9.198E-01 
3.246E-01 3.173E-01 3.851E-01 7.099E-01 9.017E-01 
3.455E-01 3.109E-01 3.841E-01 6.629E-01 8.325E-01 
3.678E-01 2.993E-01 3.787E-01 6.476E-01 8.401E-01 
3.915E-01 2.758E-01 3.271E-01 5.883E-01 7.769E-01 
4.168E-01 2.626E-01 3.212E-01 5.590E-01 7.999E-01 
4.437E-01 2.424E-01 2.984E-01 5.271E-01 7.048E-01 
4.723E-01 2.224E-01 2.748E-01 5.401E-01 6.855E-01 
5.028E-01 2.052E-01 2.605E-01 4.882E-01 6.508E-01 
5.352E-01 1.876E-01 2.351E-01 4.346E-01 6.097E-01 
5.697E-01 1.735E-01 2.139E-01 4.226E-01 6.231E-01 
6.065E-01 1.622E-01 2.030E-01 3.605E-01 5.202E-01 
6.456E-01 1.538E-01 2.013E-01 3.401E-01 4.453E-01 
6.873E-01 1.392E-01 1.747E-01 3.099E-01 4.563E-01 
7.316E-01 1.305E-01 1.576E-01 2.979E-01 3.862E-01 
7.788E-01 1.236E-01 1.611E-01 2.896E-01 3.961E-01 
8.291E-01 1.155E-01 1.477E-01 2.747E-01 4.020E-01 
8.826E-01 1.077E-01 1.404E-01 2.512E-01 3.779E-01 
9.395E-01 1.001E-01 1.329E-01 2.568E-01 3.546E-01 
1.000E+00 9.583E-02 1.272E-01 2.651E-01 4.260E-01 
1.065E+00 9.278E-02 1.213E-01 2.286E-01 3.385E-01 
1.133E+00 8.186E-02 1.096E-01 2.233E-01 3.361E-01 
1.206E+00 7.554E-02 1.058E-01 2.077E-01 2.968E-01 
1.284E+00 6.938E-02 9.555E-02 1.831E-01 2.624E-01 
1.367E+00 6.438E-02 8.557E-02 1.712E-01 2.610E-01 
1.455E+00 6.119E-02 8.515E-02 1.763E-01 2.521E-01 
1.549E+00 5.717E-02 8.203E-02 1.571E-01 2.317E-01 
1.649E+00 5.649E-02 8.131E-02 1.592E-01 2.263E-01 
1.756E+00 5.339E-02 7.573E-02 1.499E-01 2.284E-01 
1.869E+00 5.136E-02 7.233E-02 1.439E-01 2.031E-01 
1.990E+00 4.629E-02 6.482E-02 1.340E-01 1.849E-01 
2.118E+00 4.250E-02 5.889E-02 1.186E-01 1.625E-01 
2.255E+00 3.890E-02 5.554E-02 1.131E-01 1.693E-01 
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Table 4.4 – Vertical spectral ordinates. T is the mean return period corresponding to the prob-
abilities listed in Table 4.1 and 4.2. Critical damping ratio is equal to 5%. Site conditions are 
rock. 

Horizontal Spectral ordinates (g) Natural Period 
(s) T = 95 year T = 144 year T = 475 year T = 1000 year 

0.000E+00 1.263E-01 1.522E-01 2.685E-01 3.400E-01 
6.000E-02 2.581E-01 3.387E-01 5.697E-01 7.010E-01 
6.387E-02 2.752E-01 3.466E-01 6.048E-01 8.320E-01 
6.799E-02 2.643E-01 3.267E-01 5.958E-01 8.262E-01 
7.238E-02 2.755E-01 3.351E-01 6.377E-01 8.110E-01 
7.705E-02 2.856E-01 3.639E-01 5.835E-01 7.572E-01 
8.202E-02 2.899E-01 3.475E-01 6.086E-01 8.360E-01 
8.731E-02 2.725E-01 3.343E-01 5.851E-01 7.517E-01 
9.295E-02 2.764E-01 3.324E-01 5.534E-01 7.476E-01 
9.894E-02 2.836E-01 3.387E-01 5.743E-01 7.563E-01 
1.053E-01 2.829E-01 3.329E-01 6.094E-01 8.188E-01 
1.121E-01 2.814E-01 3.402E-01 5.901E-01 7.348E-01 
1.194E-01 2.888E-01 3.537E-01 5.882E-01 7.914E-01 
1.271E-01 2.808E-01 3.440E-01 5.726E-01 7.289E-01 
1.353E-01 2.776E-01 3.406E-01 5.754E-01 7.367E-01 
1.440E-01 2.658E-01 3.286E-01 5.240E-01 6.772E-01 
1.533E-01 2.500E-01 3.042E-01 5.588E-01 6.757E-01 
1.632E-01 2.487E-01 2.988E-01 5.062E-01 6.018E-01 
1.737E-01 2.374E-01 2.891E-01 4.519E-01 6.041E-01 
1.849E-01 2.298E-01 2.834E-01 4.558E-01 5.868E-01 
1.968E-01 2.133E-01 2.604E-01 4.174E-01 5.832E-01 
2.095E-01 2.032E-01 2.565E-01 4.117E-01 4.924E-01 
2.230E-01 1.974E-01 2.300E-01 3.674E-01 4.919E-01 
2.374E-01 1.778E-01 2.144E-01 3.465E-01 4.216E-01 
2.527E-01 1.782E-01 2.243E-01 3.420E-01 4.400E-01 
2.691E-01 1.827E-01 2.164E-01 3.522E-01 4.699E-01 
2.864E-01 1.696E-01 2.069E-01 3.334E-01 4.235E-01 
3.049E-01 1.654E-01 2.001E-01 3.242E-01 4.375E-01 
3.246E-01 1.598E-01 1.931E-01 3.010E-01 4.139E-01 
3.455E-01 1.476E-01 1.780E-01 2.917E-01 4.040E-01 
3.678E-01 1.365E-01 1.679E-01 2.874E-01 3.454E-01 
3.915E-01 1.294E-01 1.613E-01 2.544E-01 3.086E-01 
4.168E-01 1.191E-01 1.468E-01 2.355E-01 3.214E-01 
4.437E-01 1.133E-01 1.412E-01 2.429E-01 2.975E-01 
4.723E-01 1.025E-01 1.282E-01 2.070E-01 2.678E-01 
5.028E-01 9.835E-02 1.132E-01 1.903E-01 2.442E-01 
5.352E-01 9.453E-02 1.150E-01 1.906E-01 2.459E-01 
5.697E-01 8.645E-02 1.103E-01 1.818E-01 2.426E-01 
6.065E-01 8.209E-02 9.654E-02 1.558E-01 1.964E-01 
6.456E-01 7.208E-02 8.847E-02 1.405E-01 1.892E-01 
6.873E-01 6.951E-02 8.756E-02 1.427E-01 1.888E-01 
7.316E-01 6.457E-02 8.068E-02 1.360E-01 1.786E-01 
7.788E-01 5.826E-02 7.207E-02 1.194E-01 1.495E-01 
8.291E-01 5.492E-02 6.866E-02 1.112E-01 1.498E-01 
8.826E-01 5.196E-02 6.603E-02 1.082E-01 1.511E-01 
9.395E-01 4.993E-02 6.276E-02 1.085E-01 1.355E-01 
1.000E+00 4.817E-02 6.327E-02 1.064E-01 1.414E-01 
1.065E+00 4.713E-02 6.041E-02 1.033E-01 1.437E-01 
1.133E+00 4.176E-02 5.555E-02 9.104E-02 1.303E-01 
1.206E+00 3.823E-02 4.971E-02 9.250E-02 1.198E-01 
1.284E+00 3.698E-02 4.811E-02 8.170E-02 1.166E-01 
1.367E+00 3.258E-02 4.237E-02 8.078E-02 1.062E-01 
1.455E+00 3.078E-02 3.939E-02 6.980E-02 1.033E-01 
1.549E+00 2.875E-02 3.702E-02 6.531E-02 8.479E-02 
1.649E+00 2.642E-02 3.503E-02 6.518E-02 8.425E-02 
1.756E+00 2.483E-02 3.219E-02 6.402E-02 8.646E-02 
1.869E+00 2.376E-02 3.165E-02 6.061E-02 8.277E-02 
1.990E+00 2.208E-02 3.013E-02 5.849E-02 7.863E-02 
2.118E+00 1.916E-02 2.638E-02 4.809E-02 6.410E-02 
2.255E+00 1.971E-02 2.645E-02 4.958E-02 6.824E-02 
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In our presentation so far only linear elastic systems have been considered, 

which is not entirely satisfactory for design. The reason for this is in the first place that 

engineered structures usually do not behave strictly linearly and in the second place it is 

economically feasible to utilise the inelastic structural behaviour to dissipate the earth-

quake-induced wave energy. This is commonly achieved in codes introducing so-called 

structural behaviour factor which is used to reduce the strength demand. The reduction 

of strength, on the other hand, increases the displacement demand and on the same time 

the ductility demand. Unfortunately, the structural behaviour factors do not depend only 

on the structural property as such but depends also on the properties of the earthquake 

action, like the spectral composition of accelerograms and duration characteristics to 

mention two important quantities. In next section the properties of inelastic behaviour 

are explored and the structural behaviour factor is assessed. 

 

 

4.5 Uniform hazard spectrum for inelastic response 

The inelastic spectral acceleration response was derived using the data from the earth-

quakes listed in Table 4.5 (Ambraseys et al., 2004). The faulting mechanisms of the 

earthquakes were all classified as being strike-slip and the site characteristics of the sta-

tions were classified as rock. The data originates from eight earthquakes and consist of 

48 records, all together 144 time series. Majority of the records is from Iceland. How-

ever, they have been augmented with data from the European strong-motion databank. 

 Based on this dataset two strong-motion estimation equations have been con-

structed for elasto-plastic systems with undamped natural period equal to 0.2 s and 1.0 

s, respectively, both with critical damping ratio equal to 5% and ductility ratio equal to 

2. These strong-motion curves are shown in Figure 4.10 along with comparable curves 

for linear elastic system according to Ambraseys et al. (2005) assuming the earthquake 

magnitude equal to 6.5. It is seen that the linear elastic system response is significantly 

bigger than the inelastic response concerning strength demand, which is not necessarily 

the case for the displacement demand. This is illustrated on Figure 4.10 showing the so-

called structural behaviour factor.  

The structural behaviour factor is defined as the quantity required for transform-

ing the linear elastic response spectral acceleration into an inelastic demand. This can be 

expressed in a simplified way as follows: 

 ( ) ( ) ),(/,,, TkTSTS ainelastic µλ=µλ      (4.1) 

Here, inelasticS  is the inelastic strength spectrum for the elasto-plastic system, aS is accel-

eration spectrum for the linear elastic system,  k is the structural behaviour factor, T is 

the undamped natural period of the linear elastic system, which is taken equal to the ini-

tial small amplitude undamped natural period of the inelastic system, λ is the critical 

damping ratio and µ is the ductility ratio.  
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Table 4.5 – Earthquake data used for inelastic analysis (Ambraseys et al., 2004). The faulting 
mechanism of the earthquakes is strike-slip and the site conditions of the stations are rock. Ab-
breviations used for country names are: AR (Armenia), GR (Greece), IS (Iceland), IT (Italy), SL 
(Slovenia), TU (Turkey). 

Date Time Country Mw Station Distance (km) 

26.8.1983 12:52:09 GR 5.20 Ouranoupolis-Seismograph Station 15 
26.8.1983 12:52:09 GR 5.20 Poligiros-Prefecture 42 
16.12.1990 15:45:51 AR 5.48 Akhalkalaki 20 
16.12.1990 15:45:51 AR 5.48 Toros 51 
16.12.1990 15:45:51 AR 5.48 Stepanavan 70 
16.12.1990 15:45:51 AR 5.48 Spitak-Karadzor 77 
26.4.1997 22:18:34 GR 5.02 Kyparrisia-Agriculture Bank 26 
16.10.1997 12:00:31 IT 4.39 Colfiorito-Casermette 1 
16.10.1997 12:00:31 IT 4.39 Nocera Umbra-Biscontini 10 
16.10.1997 12:00:31 IT 4.39 Nocera Umbra 12 
12.4.1998 10:55:33 SL 5.70 Cerknica 88 
12.4.1998 10:55:33 SL 5.70 Sleme 104 
4.6.1998 21:36:54 IS 5.45 Hveragerdi-Church 6 
4.6.1998 21:36:54 IS 5.45 Irafoss-Hydroelectric Power Station 15 
4.6.1998 21:36:54 IS 5.45 Selfoss-Hospital 18 
4.6.1998 21:36:54 IS 5.45 Oseyrarbru 18 
4.6.1998 21:36:54 IS 5.45 Reykjavik-Heidmork 23 
4.6.1998 21:36:54 IS 5.45 Reykjavik-Foldaskoli 27 
4.6.1998 21:36:54 IS 5.45 Reykjavik-HusVerslunarinnar 32 
17.8.1999 00:01:40 TU 7.64 Izmit-Meteoroloji 9 
17.8.1999 00:01:40 TU 7.64 Gebze-Tubitak Marmara Arastirma Merkezi 47 
17.8.1999 00:01:40 TU 7.64 Yapi-Kredi Plaza Levent 92 
17.8.1999 00:01:40 TU 7.64 Istanbul-Maslak 93 
17.8.1999 00:01:40 TU 7.64 Tokat-DSI Misafirhanesi 558 
17.6.2000 15:40:41 IS 6.57 Flagbjarnarholt 5 
17.6.2000 15:40:41 IS 6.57 Minni-Nupur 13 
17.6.2000 15:40:41 IS 6.57 Thjorsarbru 15 
17.6.2000 15:40:41 IS 6.57 Selfoss-Hospital 31 
17.6.2000 15:40:41 IS 6.57 Selfoss-City 32 
17.6.2000 15:40:41 IS 6.57 Irafoss-Hydroelectric Power Station 34 
17.6.2000 15:40:41 IS 6.57 Ljosafoss-Hydroelectric Power Station 35 
17.6.2000 15:40:41 IS 6.57 Hveragerdi-Retirement House 41 
17.6.2000 15:40:41 IS 6.57 Hveragerdi-Church 41 
17.6.2000 15:40:41 IS 6.57 Sultartanga-Hydroelectric Power Station 42 
17.6.2000 15:40:41 IS 6.57 Hrauneyjafoss-Hydroelectric Power Station 61 
17.6.2000 15:40:41 IS 6.57 Reykjavik-Heidmork 70 
17.6.2000 15:40:41 IS 6.57 Reykjavik-Foldaskoli 72 
17.6.2000 15:40:41 IS 6.57 Reykjavik-Hus Verslunarinnar 78 
21.6.2000 00:51:48 IS 6.49 Thjorsarbru 5 
21.6.2000 00:51:48 IS 6.49 Thjorsartun 6 
21.6.2000 00:51:48 IS 6.49 Selfoss-Hospital 14 
21.6.2000 00:51:48 IS 6.49 Selfoss-City Hall 15 
21.6.2000 00:51:48 IS 6.49 Irafoss-Hydroelectric Power Station 20 
21.6.2000 00:51:48 IS 6.49 Ljosafoss-Hydroelectric Power Station 20 
21.6.2000 00:51:48 IS 6.49 Flagbjarnarholt 22 
21.6.2000 00:51:48 IS 6.49 Hveragerdi-Church 24 
21.6.2000 00:51:48 IS 6.49 Hveragerdi-Retirement House 24 
21.6.2000 00:51:48 IS 6.49 Minni-Nupur 28 
21.6.2000 00:51:48 IS 6.49 Reykjavik-Heidmork (Jadar) 53 
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It follows that both the spectra and the structural behaviour factor must be func-

tion of epicentral distance (site-to-source distance), site conditions, faulting mechanism 

and the selected hazard level. Figure 4.11 shows that the structural behaviour factor in-

creases with increasing distance to source. Furthermore, almost in the entire range the 

structural behaviour factor is significantly bigger for the stiff system considered than the 

flexible system.  

 The hazard curve of the horizontal acceleration response ordinates for elasto-

plastic system at the study site based on a synthetic parametric earthquake catalogue and 

assuming rock site conditions is shown in Figure 4.12. Undamped natural period is 0.2 

s, the critical damping ratio is 5% and the ductility ratio is equal to 2. Also in this case 

we see a significant reduction of the strength demand compared to the linear elastic sys-

tem. The structural behaviour factors have been computed for different probability lev-

els and the results are displayed in Figure 4.13. It is seen that for the system considered 

that the structural behaviour factor is almost 3 corresponding to 475 year mean return 

period. 

 

 

 
 

Figure 4.10 – Horizontal spectral acceleration of linear elastic systems and the strength of ine-
lastic elasto-plastic systems as a function of distance to source. The response is induced by 
magnitude 6.5 earthquake.  
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Figure 4.11 – Structural behaviour factor for horizontal response relating the spectral accelera-
tion of linear elastic systems to the strength of inelastic elasto-plastic systems expressed as a 
function of distance to source. The response is induced by a magnitude 6.5 earthquake. Critical 
damping ration is equal to 5% and ductility ratio is equal to 2. 

 

 

 
 
Figure 4.12 – Horizontal response spectrum ordinates for elasto-plastic system at the study site 
based on synthetic parametric earthquake catalogue and assuming rock site conditions. Un-
damped natural period is 0.2 s, the critical damping ratio is 5% and the ductility ratio is assumed 
equal to 2. 
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Figure 4.13 – Structural behaviour factor for horizontal response acceleration ordinates for 
elasto-plastic system at the study site based on synthetic parametric earthquake catalogue and 
assuming rock site conditions. Undamped natural period is 0.2 s, the critical damping ratio is 
5% and the ductility ratio is assumed equal to 2. 
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5. SUGGESTED DESIGN SPECIFICATIONS  

5.1 Definition of earthquake action  

It is recommended that the following different earthquake actions should be considered 

in design, i.e. an Operating Base Earthquake for no damage and undisturbed plant op-

eration, a Maximum Design Earthquake for life safety and limited damage and a Maxi-

mum Credible Earthquake for collapse prevention checking. Theses actions are defined 

as follows: 

The Operating Base Earthquake (OBE) is defined as an earthquake that can rea-

sonably be expected to occur within the service life of the project, that is, within a 50% 

probability of exceedence during service life. This corresponds to a return period of 144 

years for a project with a service life of 100 years and a return period of 95 years for a 

project service life of 50 years. The associated performance requirement is that the pro-

ject functions with little or no damage, and without interruption of function. The pur-

pose of the OBE is to protect against economic losses from damage or loss of service; 

therefore, alternative choices of return period for the OBE may be based on economic 

considerations. 

The Maximum Design Earthquake (MDE) is defined ad the maximum level of 

ground motion for which a structure is designed or evaluated. The associated perform-

ance requirement is that the project performs without catastrophic failure although se-

vere damage or economic loss may be tolerated. 

The Maximum Credible Earthquake (MCE) is defined as the greatest earthquake 

that can reasonably be expected to be generated by a specific source on the basis of 

seismological and geological evidence.  

For critical structures, especially in low seismicity zones, it is sometimes re-

quired that the MDE be set equal to the MCE. Structures are considered critical if their 

failure during or following an earthquake could result in loss of life. However, generally 

the MDE is selected as a less severe event than the MCE, which provides for an eco-

nomical design meeting specified safety standards. The MDE is chosen based upon an 

appropriate probability of exceedence of ground motions during the design life of the 

structure, such as 10 percent probability of exceedence in 50 to 100 years. This corre-

sponds to a return period of 475 and 950 years, for a project with a service life of 50 and 

100 years, respectively. 

It is recommended that an event corresponding to mean return period equal to 95 

year is defined as an operating base earthquake, an event defined for 475 year mean re-

turn period as maximum design earthquake and an event corresponding to 1000 year 

mean return period as maximum credible earthquake. 

Based on probabilistic hazard analysis it is recommended that the PGA-values 

summarised in Table 4.1 shall be used as the basic quantities for the definition of uni-

form hazard spectra for horizontal action and the PGA-values summarised in Table 4.2 
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shall be used as the basic quantities for the definition of uniform hazard spectra for ver-

tical action. 

Simulated uniform hazard spectra for horizontal action are given in Figure 4.3 

and the corresponding seismic coefficient in Figure 4.5. Spectral ordinates of the type 

commonly used in engineering design, given in the terms of the seismic coefficient, are 

given by the following expression: 
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  (5.1) 

 

Here, PGAhorizontal is the horizontal peak ground acceleration (see Table 1), T is the un-

damped natural period in seconds (s) and the critical damping ratio is taken as 5%. This 

simplified expression for the uniform hazard spectrum is plotted in Figure 5.1. 

 

 
 
Figure 5.1 – Suggested seismic coefficients (normalised spectral acceleration ordinates) for 
horizontal earthquake action (red curve) plotted along with simulated data (see text and Figure 
2). Critical damping ratio is equal to 5%. Rock conditions are assumed. 
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A simulated uniform hazard spectra for vertical action are given in Figure 4.4 

and the corresponding seismic coefficient in Figure 4.6. Similar to the horizontal action 

specified above, spectral ordinates of the vertical action, given in the terms of the seis-

mic coefficient, are given by the following expression: 

 

 

7 /8
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Here, PGAvertical is the vertical peak ground acceleration (see Table 2), T is the un-

damped natural period in seconds (s) and the critical damping ratio is taken as 5%. This 

simplified expression for the uniform hazard spectrum is plotted in Figure 5.2.  

The horizontal and vertical action described above can be treated as statistically 

independent. Hence, the horizontal and vertical acceleration can be regarded as uncorre-

lated. 

 
 

Figure 5.2 – Suggested seismic coefficients (normalised spectral acceleration ordinates) for ver-
tical earthquake action (red curve) plotted along with simulated data (see text and Figure 5). 
Critical damping ratio is equal to 5%. Rock conditions are assumed. 
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Comment on the application of the design response spectra 

The response spectra for horizontal and vertical action have been defined for three natu-

ral period regimes. It is appropriate to point out, that spectral shapes for the lowest natu-

ral period regimes may be suitable for an OBE event. However, it is recommended that 

for an MDE or an MCE event the second spectral regime is applied for structures of low 

natural period. During an MDE and MCE events substantial deterioration of structures 

is generally predicted and consequently the natural period may increase resulting in an 

un-conservative design if the first part of the response spectra is applied. 

 

Comment on the inelastic effects 

It is seen that the derived linear elastic response spectrum has distinct features that are 

different from what is seen in the case of the normalised standard spectrum in Eurocode 

8 referred to the guideline table values.2 The constant acceleration part of the spectrum 

is slightly lower and narrower than anticipated in the guidelines. The reason for this is 

that the Icelandic seismic environment only contains small to moderately sized earth-

quakes with very few events exceeding magnitude seven. This fact has also effects on 

the inelastic response which tends to be significantly smaller than anticipated from the 

experience of big earthquakes. The result is that the structural behaviour factor for Ice-

landic seismic environments is generally bigger than the guideline values given in 

Eurocode 8. Based on this finding the linear elastic response spectrum for mean return 

period equal to 475 year can be used with confidence combined with a structural behav-

iour factor equal to 2.9 corresponding to 0.2 s undamped natural period, 5% critical 

damping ratio and ductility ratio equal to 2 assuming rock site conditions. Hence the 

maximum base shear for this structure would be: 
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    (5.3) 

 

Here, m is the structural mass, S refers to the normalised spectral ordinates (see Figure 

5.1 and 5.2) and k is the structural behaviour factor (see Figure 4.12). It should be noted 

that for other return periods than 475 the results would be different. Furthermore, natu-

ral period, damping and ductility ratio as well as site conditions may lead to different 

values. None the less, the above value is an indication and can be used with confidence 

under the stated conditions. 

 

                                                 
2 It is worth noting that the boxed guideline values in Eurocode 8 have not been calibrated for Icelandic 
environments. 
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Recorded time series and derived data for general reference  

It should be pointed out that time series as well as linear spectra from the South Iceland 

earthquakes in June 2000 are available online at the website: http://www.isesd.hi.is/. 

This information is also available on a CDROM disk, entitled European Strong Motion 

Database, Vol 2, with non-linear response spectra added among other relevant data. 
 
 

5.4 Conceptual design consideration for damage tolerant structures  

The experience from past strong earthquakes proves that the initial conceptual design of 

a building is extremely important for the behaviour of the building during an earth-

quake. The guiding principles governing the initial conceptual design are as follows: 

• The aspect of seismic hazard should be taken into account in the early stages 

of the conceptual design of a building, 

• Structure should be simple, 

• Structure should be compact and regular in both plan and elevation. Avoid 

structures with elongated or irregular plans; having substantial setbacks in ele-

vation; or that are unusually slender. 

• Avoid unnecessary mass and achieve a uniform distribution of mass. 

• Transmission of the seismic (inertia) forces to the ground should be direct and 

clear, i.e. complete load path. 

• Uniformity, symmetry and redundancy should be ensured, 

• Structures should be statically undetermined i.e. redundant. Use a backup 

structural system where ever possible. 

• Bi-directional resistance and stiffness should be ensured, 

• Torsion resistance and stiffness should be ensured and symmetry preserved 

(main structural elements should be placed symmetrically nearby periphery of 

the building),  

• Structural elements should be appropriately connected with floor systems or 

diaphragms (which have to have sufficient in-plane stiffness), 

• Building should have adequate foundation. 

• Use a uniform and continuous distribution of stiffness and strength. Avoid 

non-structural components that unintentionally effect this distribution. Avoid 

sudden changes in member sizes or details. 



Earthquake Hazard – Preliminary assessment for an industrial lot at Bakki near Húsavík  41 

• Permit inelastic action (damage) only in inherently non-critical ductile ele-

ments (i.e., in beams rather than columns). 

• Detail the members to avoid premature, brittle failure modes. Utilize capacity 

design principles to avoid undesired shear, axial or joint failures and to foster 

ductile flexural failure modes in the event of accidental overloads. 

• Avoid hammering (pounding) of adjacent structures.  

• Tie all structural components together. Anchor non-structural components to 

structure to avoid falling hazards. 

• Avoid systems with low amounts of viscous damping. Absence of non-

structural components tied to structure may be indication of low damping in 

steel structures. 

In this context it is worth mentioning that softening of the structural system may often 

be more beneficial than strengthening (Bachmann, 2002). 
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6. DISCUSSION AND REMARKS  

Results of a preliminary probabilistic seismic hazard analysis for an industrial lot at 

Bakki, near Húsavík, in North Iceland, are presented. The analysis is applied to derive 

peak ground acceleration values and acceleration response ordinates corresponding to 

10% probability of exceedance in 50 years. The inelastic response has also been studied 

and acceleration response ordinates for stiff and flexible system, respectively, presented.  

It should be noted that the duration of strong shaking is relatively short for the 

study site. The dynamic amplification of earthquake induced response tends to be higher 

for events with the long duration, than for those with shorter durations. It is also worth 

noting the rapid attenuation of spectral acceleration ordinates with increasing source 

distance. These aspects have an effect on both the spectral acceleration ordinates and the 

structural behaviour factors. It is worth underlining that the result is a significant reduc-

tion in computational earthquake design action compared to using the uncalibrated box 

table values provided in Eurocode 8. 

In the present study only point sources have been included. Furthermore, only 

point sites have been studied without taking into consideration the finite dimensions of 

the proposed buildings and the spatial variation in ground motion. 

 
Comments on spatial variation of wave motion 
The current engineering practice assumes most commonly that: 

� excitations at all support points are the same; or 

� excitations at different support points are only delayed by a phase difference in-

duced by the wave propagation 

In other words the earthquake action at all support points is assumed to be fully coher-

ent. This is a great simplification as earthquake accelerograms measured at different lo-

cations within the dimensions of an engineered structure are typically different. In view 

of that it is reasonable to ask whether or not the differences in earthquake accelerograms 

over the dimensions of engineered structures can be neglected? In current engineering 

practice it is usually regarded as reasonably conservative to neglect these effects? How-

ever, to answer this question rationally a careful analysis has to be carried out in each 

case to meet the Eurocode 8 requirements of taking these effects into consideration. 

 The spatial variability of earthquake ground motion is due to different effects the 

most important of which are the following: 

� Wave passage effect: Seismic waves arrive at different times at different founda-

tion points. 

� Incoherence effect: Differences in the manner of superposition of waves (a) ar-

riving from an extended finite source, and (b) scattered by irregularities and in-

homogeneities along the path and at the site, which causes a loss of coherency. 
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� Local site effect: Differences in local soil conditions under the foundation may 

alter the amplitude and frequency content of the bedrock motions differently. 

The incoherence effect will in general tend to reduce the earthquake action in the super-

structure while the wave passage effects may increase the forces acting on the founda-

tion walls. The incoherence effects are greatest for stiff structure while the greatest 

wave passage effects are usually thought induced by long periodic wave components. 

At this point it is not possible to conclude that these effects can be neglected without 

carrying out a detailed study of the actual structure. 

 

De-aggrigation  
The discussion so far has concentrated chiefly on uniform hazard spectrum for the study 

site, accounting for all probable events. However, a real structure constructed at the 

study site will never experience such action as described by the uniform hazard spec-

trum. The structure will only be subjected to one major earthquake at the time and most 

probably only one major earthquake during its entire functional live. Therefore it is of 

interest to know which type of earthquake that might be, i.e. what magnitude would it 

have and what would be the distance to the source. Obviously these questions are re-

lated to the basic seismo-tectonic model at hand and the hazard or the probability level 

adopted. The solution to this problem is furnished in what has been called de-

aggregation of seismic hazard. By de-aggregation it is possible, by following the com-

putations when constructing the hazard curve, to determine what event is contributing 

most to specified spectral ordinates corresponding to a given probability level.  

Based on limited de-aggregation analysis for 500 year return period a moderate 

sized earthquake at a small distance from the site is expected to contribute most to the 

peak ground acceleration as well as the spectral acceleration of lightly damped stiff lin-

ear elastic system. However, a bigger earthquake located at a greater distance from the 

site is expected to contribute most to the horizontal spectral acceleration of lightly 

damped flexible linear elastic system.  

At the 500 year probability level the earthquakes likely to have effects at the 

Bakki site originate on the Flatey lineation and the Grímsey lineation, while the Dalvík 

lineation and the spreading zone contributes little.  However, at other probability levels 

this may be different.  

 

The effect of the Flatey seismic lineation 
The seismic activities at the so-called Flatey delineation dominate the earthquake action 

on stiff (low-rise) structures at the study site. In this context, it is, however, worth point-

ing out that the assumed seismic activity has been assumed uniform over the whole 

length of the delineation, which is apparently contradicted by observations (see 

Sæmundsson, 2007). It is found that the seismic activity on the segment from south of 

the Flatey Island and through the Húsavík Area has been less active than the northern 

part of the delineation. If this observation is accounted for in the hazard calculations it is 
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found that the spectral acceleration ordinates for stiff structures are reduced by a factor 

two. That is, the suggested design action of 35% g (corresponding to ductility ratio 

equal to 2) would become about 18% g. Therefore, it would be beneficial if it were pos-

sible to define more precisely the seismic activity on the delineation closest to the pro-

posed industrial lot.  

 

Suggested future tasks 
So far the presented work has been concentrating on the development of preliminary 

simplified probabilistic estimates on horizontal and vertical earthquake action. In the 

development many assumptions have been made, which most likely lead to a conserva-

tive estimates of the suggested design values. Therefore, it is judged necessary to refine 

the study using more advanced methods and models, such as point-source models and 

finite-source models along with additional earthquake data from available databanks for 

further verification of the applied regression model. Fault rupture effects on surface mo-

tion should also be included.  

The main themes are assumed to be as follows: 

� Detailed analysis of potential earthquake sources including re-assessment of his-

torical events 

� Re-assessment of hazard curves for linear elastic response spectrum 

� Hazard curves for non-linear response spectrum ordinates for selected range of 

undamped natural periods and 5% critical damping ratio. Both constant strength 

and constant ductility spectrum will be considered 

� De-aggrigation of seismic hazard 

� Duration of earthquake motion 

� Spatial structure of earthquake motion 

� Differential motion emphasising velocity and displacement 

� Behaviour of second order systems including nonlinear effects 

� Simulated time series to be used in design considerations and analysis. Special 

emphasis will be put on attenuation and directionality representing near-field, in-

termediate and far field effects. 

� Final earthquake design specifications accounting for performance requirements 

specified by the owner. 

A prerequisite required to make this additional study as objective as possible are infor-

mation on details of the proposed structures to be erected on the industrial lot. 
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