
International Journal of Disaster Risk Reduction 73 (2022) 102894

Available online 10 March 2022
2212-4209/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

High spatial-resolution loss estimation using dense array 
strong-motion near-fault records. Case study for Hveragerði and 
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A B S T R A C T   

The most recent and costliest damaging earthquake in Iceland is the Mw6.3 29-May-2008 Ölfus 
earthquake to date. In particular, Hveragerði town located in the extreme near-fault region, 
suffered intense horizontal peak ground accelerations (PGA) of ∼ 40–90%g and large amplitude 
and long-period near-fault pulses, recorded on a dense urban strong-motion array in the town. In 
this study we collated a high-spatial resolution exposure database (building-by-building) com-
plete with actual reported losses and classified the buildings by building materials and con-
struction year according to the code design requirements in place at the time. 

We took advantage of the array data and evaluated a set of well-known ground motion in-
tensity measures (IM), including PGA, pseudo-acceleration response spectra at short-to-long pe-
riods, Arias Intensity and Cumulative Absolute Velocity. We applied empirical Bayesian kriging 
geostatistical analyses to generate high-resolution shakemaps and provide IM estimates for each 
building. The shakemaps showed a significant and systematic variation of the IMs across the small 
study area, with the lowest ground motions observed centrally and highest values in the outskirts. 
Furthermore, correlation analysis was carried out for the damage ratio and the exposure data IMs, 
but only low-to-moderate correlations were observed. A key reason is the incurred losses were 
primarily due to damage to non-structural components, to which the code design requirements do 
not apply. We carried out a seismic loss assessment in Hveragerði for the earthquake scenario of 
the Ölfus earthquake both on building-by-building, and municipality levels of spatial resolution. 
We applied both local and global fragility models associated with detail building typologies 
identified based on the SERA taxonomy scheme. 

The results show that the global fragility functions severely underestimate the seismic per-
formance of the building stock, except for one-story reinforced concrete buildings, while overall 
the masonry buildings were associated with the most predicted and observed losses. On the other 
hand, the local models predicted losses that conformed well with the observed damages to timber 
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and concrete buildings. The high-spatial-resolution predictions of losses gave results that better 
correlated with the observed losses in most typologies.   

1. Introduction 

Iceland is a land of natural hazards and its intense seismic and volcanic activity, driven by the localized Icelandic hotspot under 
central Iceland and the Mid-Atlantic Ridge, the extensional plate boundary that crosses the country. The interplay of the hotspot and 
the Mid-Atlantic Ridge has resulted in an eastward ridge-jump of the extensional boundary on land, constructing two major transform 
zones of Iceland, namely the South Iceland Seismic Zone (SISZ) and the Reykjanes Peninsula Oblique Rift (RPOR) in the southwest and 
the Tjörnes Fracture Zone (TFZ) in the north (see Fig. 1) [1–6]. The largest earthquakes in Iceland take place in the transform zones [8]. 
As a result, the seismic hazard in Iceland is highest there, with reference peak ground accelerations (PGA) having a 10% probability in 
50 years of exceeding 0.5 g [7]. Moreover, the SISZ coincides with a relatively densely populated agricultural region that contains all 
critical infrastructures and lifelines of a modern-day society, such as towns, roads, bridges, industry, power plants (geothermal and 
hydropower), pipelines and electronic transmission systems. 

The most recent damaging earthquake in Iceland was May 29, 2008 Mw6.3 Ölfus earthquake which struck the western part of the 
SISZ (Fig. 1). The earthquake occurred by the right-lateral strike-slip faulting of two parallel north-south oriented faults [8], which 
ruptured with a 2 s time difference [9]. The small town Hveragerði, which is the main subject of this study, was in the extreme 
near-fault region of the Ölfus earthquake with the epicenter being approximately 6 km away, but one of the causative faults only 1–2 
km from the town (Fig. 1). As a result, the largest seismic ground motions in an urban area ever recorded in Iceland were captured on a 
small-aperture strong-motion array (ICEARRAY I) [10]. So far, a number of studies on the dataset have been carried out focusing on the 
ground motion characteristics within Hveragerði in terms of PGA and spectral characteristics [9–12] but most notably modeling their 
site effects [13,14] on a geology profile characterized by velocity reversals. 

This worldwide unique dataset provides us an opportunity to gain an insight into the characteristics of the spatial variability of 
various intensity measures (IMs) in relation to the observed damage and its parametrization combined with the classification of 
existing structures in the region. Achieving such deep understating as one of the main goals of this study can serve as a guideline for 
improved and dense instrumentation as well as for optimizing urban planning strategies in urban areas in seismic regions. 

Fig. 1. The Mw 6.3 Ölfus earthquake on May 29, 2008 (yellow star denoting the epicentre) took place on two separate strike-slip faults (red dashed lines) and was 
followed by an intense aftershock sequence (black dots) on the causative faults and along the plate boundary. The ICEARRAY I small-aperture strong-motion array (red 
triangles) in the town of Hveragerði was in the extreme near-fault region and suffered the intense strong-motion. The small map shows a map of Iceland and the spatial 
distribution of instrumentally recorded significant earthquakes of Mw 3.1–7.1 from 1904–2019 [31] (red dots) that outline the plate margin. The seismic transform 
zones of the South Iceland Seismic Zone (SISZ) and the Tjörnes Fracture Zone (TFZ) are indicated. 
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It is well-established that modeling the spatial correlation of ground motion parameters across a region, and its corresponding effect 
on building portfolios have been oversimplified within probabilistic seismic loss estimation resulting in unrealistic loss estimates [15, 
16]. For instance, Weatherill et al. [15] demonstrated that the inclusion of spatial cross-correlation of IMs into the seismic risk analysis 
may often result in larger (and in certain cases smaller) losses for a portfolio distributed over a typical city scale, when compared 
against simulations in which spatial correlation is neglected. In recent years, several studies have developed spatial correlation models 
to describe the correlation between various ground motion parameters across sites separated over a distance. To do this, the empirical 
ground-motion prediction models are considered together with their corresponding intra-event spatial correlation models used quite 
often in the literature [15–20]. For instance, conditional Gaussian random ground motion fields have been exploited for portfolio loss 
assessment ([16,21]) as well as empirical fragility curve development [20]. 

In our study area, the lagged coherency matrices of the ICEARRAY I recordings conclusively show that above 2 Hz frequency, and 
beyond 100 m interstation distances, there is effectively no correlation between the recordings [12]. This obviates the need for spatial 
correlation models, in particular for high frequencies, besides, to the best of the author’s knowledge, there is no well-established spatial 
correlation model that was explicitly calibrated to the residuals of the most appropriate ground-motion models developed for the study 
region in southwest Iceland. 

Thus, alternatively, several international studies tackle the estimation of the spatial distribution of ground motion parameters over 
a target region using a specific set of observation points [22–26]. To deliver accurate prediction of ground shaking at desired locations 
along with explicit consideration of the incorporated uncertainties, some studies incorporate geostatistical approaches based on 
available recorded ground motions at various recordings stations to predict ground shaking at the neighboring locations (e.g., adjacent 
buildings). The kriging geostatistical method is a widespread technique used for spatial interpolation, considering spatial variability. 
For modeling the empirical semivariogram from the data, a Gaussian mathematical function can be used. We also acknowledge the use 
of general Gaussian process regressions in other modules of a risk model, specifically to explicitly consider building-to-building 
variability in seismic fragility assessment of building portfolios [27]. Hsieh et al. (2013) generated ground shaking maps based on 
444 free-field ground motion recordings of the Chi-Chi Taiwan earthquake using Kriging interpolation method [28]. In Costanzo [25], 
two geostatistical techniques of the Kriging have been benchmarked and tested on earthquakes of 2016–2017 central Italy to derive 
shakemaps for cumulative absolute velocity (CAV) and Arias intensity (AI) parameters. In Iceland, Rupakhety et al. [29] studied the 
effect of variability of macroseismic intensity (MMI) in Hveragerði after the Ölfus earthquake and demonstrated difficulties in 
modelling geographical variability and uncertainties in MMIs. They simulated damage for a macroseismic hazard scenario corre-
sponding to the Ölfus earthquake using ATC-13 (1985) vulnerability models and buildings vulnerability defined in terms of damage 
probability matrices derived from June 2000 earthquake damage data [30]. They found that ATC-13 vulnerability models should be 
used with caution in Iceland because although they seem suitable for Icelandic buildings undergoing relatively small levels of damage, 
their efficacy for larger levels of damage is not guaranteed. 

Insurance against damages caused by natural hazards is obligatory for all buildings in Iceland. Therefore, in the aftermath of 
destructive earthquakes repair cost for all damaged buildings is assessed to fulfill insurance claims. Besides, NCI owns a fully prob-
abilistic bespoke model for Icelandic earthquake risk assessment and a quick response deterministic model that can compute the 
insurance risk routinely [32]. However, the models, detail of the required assumptions and information as well as the corresponding 
results are not shared publicly. Despite this, to reach the main goal of this study, i.e., detailed earthquake loss prediction for a scenario 
event corresponding to the damaging 2008 Ölfus earthquake across Hveragerði town, this study uses an open flexible risk assessment 
tool [33] through which any modification can be easily implemented, and the results can be regenerated by users. 

Moreover, in Iceland, all properties are registered in a detailed official inventory database by Registers Iceland (www.skra.is), 
which allows the construction of detailed exposure models for risk assessments. Furthermore, insurance losses can be combined with 
the property database to construct a comprehensive loss dataset with detailed information on each damaged and undamaged property. 
In this regard after the Ölfus earthquake, we establish a local detailed GIS-based building-by-building loss database for all residential 
buildings in Hveragerði. A dwelling-to-dwelling loss database also exists for all residential buildings affected area by the Ölfus 
earthquake, which has been used in several studies. It should be highlighted that it is rare in post-earthquake studies to have both 
access to a complete detailed loss database on building-by-building level, as well as access to recorded near-fault, high-quality 
waveform data with high spatial resolution for the same event and same area, in particular of such high-intensity ground motions as in 
the case for the Ölfus 2008 earthquake and the town of Hveragerði. 

In this study, for the first time, a detailed “microseismic” loss estimation is carried out for Hveragerði and the Ölfus earthquake in 
South Iceland, in the sense that losses are modeled both on a high spatial resolution of building-by-building basis, as well as on 
municipality level, and then compared. Additionally, to gain a deep understanding of different consequences that a damaging 
earthquake can cause in a similar seismic-prone region, different risk metrics in terms of damage ratio, damage probability, and 
economic losses are analyzed. Another important advance envisaged in this study is accounting for the uncertainty of shaking IMs and 
building replacement value in risk analyses. Moreover, in the present study, to address the aforementioned shortcoming of using ATC- 
13 vulnerability models in Iceland [29], we employed the most recent local empirical fragility and vulnerability models [34], as well as 
global fragility models based on simplified structural models [62]. The results and predictions made by these local and global models 
are compared to real observed losses registered after the May 2008 Ölfus earthquake. The risk assessments are performed accounting 
for high spatial PGA and PSAs at short periods and with respect to detailed Icelandic building typologies that have never been 
considered before. These are considerable improvements with respect to the previous study and most importantly, this study helps to 
reduce the seismic risk by recognizing the vulnerable building classes against the similar damaging scenario. 

Therefore, the main aim of this study is fourfold. First, to evaluate and map different intensity measures and their variations within 
the town Hveragerði based on recorded ground motion and evaluate their inter-correlations. Second, to correlate different IMs to 
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observed losses thus producing a benchmark for future seismic risk studies. Third, to study the influence of the seismic design pro-
visions on the performance of the building stock within the town. Finally, to use both local and global vulnerability and fragility 
models in loss estimation for two levels of spatial resolutions using the Ölfus earthquake as a scenario event and compare the predicted 
losses with the observed losses. 

2. Hveragerði and the Mw6.3 Ölfus earthquake on May 29, 2008 

2.1. The ICEARRAY I dense near-field strong-motion dataset 

At 15:45 UTC on May 29, 2008 a Mw6.3 earthquake took place in the Ölfus region in the western part of the SISZ, the epicenter of 
which was located approximately between the towns of Hveragerði and Selfoss (Fig. 1). The earthquake strong-motion in the extreme 
near-fault region was characterized by intense horizontal and vertical ground accelerations of a relatively short duration and large 
amplitude horizontal velocity pulses [9–11,35]. They were recorded on the ICEARRAY I in Hveragerði, the first permanent 
small-aperture urban strong-motion array in Iceland. The ICEARRAY I had been deployed in 2007 and is composed of 13 stations of 
inter-station distances of only 50–1900 m spread across the town [36]. 

Namely, the earthquake ground motion time histories revealed a complex earthquake source process [8,37] as the earthquake was 
found to have taken place on two parallel but separate (by ∼ 4.5 km) vertical north-south striking dextral strike-slip faults with the first 
fault rupturing approximately 6 km from Hveragerði, with the second fault located approximately 1–2 km from Hveragerði [8] and 
triggered about 2 s after the first [9]. The large amplitude and long period velocity pulses observed at all ICEARRAY I stations were 
found to be associated with the fast and permanent coseismic ground displacements (Fig. 1) [9,38]. Along the fault parallel direction 
(North-South) they were associated with the surface manifestation of permanent fault displacement at depth. However, along the fault 
normal (East-West) component where the velocity pulse was driven by directivity effects of the approaching fault rupture front, 
permanent displacement was also observed. This is notable as the latter is expected to be associated with zero net displacement [e.g. 
Ref. [39]] and thus observed permanent displacements are due to the complex interplay between the two causative faults and the block 
rotation associated with the “bookshelf” tectonics of the SISZ [1,2,40–42]. The recorded ground motion amplitudes are consistent with 
other strong earthquakes recorded in the SISZ and their variation across the array does not appear to be greatly affected by the variable 
site effects reported. Still, the lagged coherency matrix of the strong-motion recorded on the ICEARRAY I when calculated for the 
fault-normal, fault-parallel and vertical components show that the recorded fault-normal ground motions are strongly coherent over 
the entire array at frequencies below 2 Hz. The same was observed for the fault-parallel component, but much less inter-component 
coherency between the two was found. These observations are consistent with the strong presence of the observed long-period 
near-fault pulses. However, at frequencies higher than 2 Hz, and for inter-station distances beyond 100 m, much less coherency 
was found, which in turn is manifested in the recorded variability of the peak acceleration and velocity values, and in the 
pseudo-acceleration response spectra [10,12]. 

2.2. Physics-based strong-motion parametrization 

The ICEARRAY I dataset for the Ölfus earthquake forms the basis of this study. The data from 10 stations is used as two stations 
were not operational at the time of the earthquake, and the third is co-located with another station. Representative ground motion IMs 
are calculated from the three-component acceleration recordings of these stations and used as a proxy for the loss estimation that 
follows. Four different IMs are used that allow the parametrization of different characteristics of the ground motions. They are the PGA, 
the pseudo-acceleration response spectrum (PSAs) for 5% critical damping ratio over the period range of engineering interest, and two 
energy-based parameters, the Arias Intensity (AI) and Cumulative Absolute Velocity (CAV). PGA is commonly used to present the 

Fig. 2. Pseudo-acceleration spectral response curves plotted vs. the natural periods of a 5% damped simple oscillator calculated from the ICEARRAY I recordings of the 
May 29, 2008 Ölfus earthquake. The mean (black dashed line with symbols) and the extent of its standard deviation (grey area) are shown for the horizontal 
components (N–S, fault parallel; E-W, fault normal), along with the average rotation-invariant of the two components combined. We showcase the observed range of 
horizontal PGA values (38.4–87.6%g) by the vertical red line on the left y-axes for the specific comparison with the red dot on the y-axes that represent 20%g, which 
was the design acceleration for the majority of the building stock that suffered the earthquake. After the earthquake, the design requirements were updated to their 
present form, the elastic response spectrum for 5% damping ratio (red dashed line). 
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degree of severity of ground motions and to scale seismic loads in design codes. It is generally associated with the high-frequency 
components of an earthquake motion (Kramer, 1996) and thereby, as a proxy for the seismic damage potential for stiff structures 
with short natural periods. PGA, however, does not necessarily reflect how earthquake motion affects a structure. The well-known 
acceleration elastic response spectra depict the maximum response of elastic SDOF-systems to given ground motion. PGA and the 
PSAs provide peak or maximum amplitude and do not reflect the duration of a ground motion, or the number of destructive cycles of 
the ground motion. Other parameters, such as AI and CAV, reflect this better, as well as number of other parameters given in the 
literature [43]. 

Fig. 2 shows the PSA for all ICEARRAY I horizontal accelerograms along the N–S (PSAx) and E-W (PSAy) directions separately. The 
dashed black line depicts the mean values, and the grey shaded area displays the mean plus/minus one standard deviation (for details 
see Ref. [10]). For simplicity of modelling, the horizontal components of ground motion measures have been combined into one value 
[see in e.g. Refs. [44–47]]. In this study we use the average rotation-invariant (ARI) of the two horizontal components (PSAARI) [48] 
that gives the expected (mean) values of response spectra for all possible orientation of accelerometer axes in the horizontal plane. We 
note that the ARI measure of the Icelandic dataset of strong-motions is essentially equivalent to the geometric mean [49]. 

Fig. 2 shows the very large values of PSA exceeding 10 m/s2 (~1.0 g) over short periods of 0.08–0.38 s. A great majority of the 
building stock in Hveragerði is stiff low-rise structural wall buildings. The natural period of concrete and masonry buildings is assumed 
to be ~0.1 s whilst for timber buildings it is around 0.2 s. The 77.5% of the building stock in Hveragerði was built before 2002 when no 
design spectrum was implicitly defined, and buildings were designed on the basis of PGA of maximum 20%g [35]. In other words, the 
vast majority of buildings in Hveragerði experienced much larger accelerations than the code design value specified. To illustrate this, 
we have marked 20%g with a red dot on the y-axes and contrast that with a vertical red line from 38.4%g to 87.6%g on the y-axes that 
represents the large, measured PGA amplitudes and its variation in Hveragerði during the Ölfus earthquake. For comparison with the 
in-force design spectrum for Hveragerði, the Eurocode 8 elastic response spectrum for 5% critical damping (soil class A, agR = 0.5 g) is 
depicted with red dashed line. It can be noted that the right corner-period, Tc, is 0.5s (not 0.4s), which is according to the National 
annexes to account for near-fault effects in the area [7]. It is evident that buildings constructed after the implementation of the present 
Eurocode are designed for seismic loads similar to the recorded loads during the 2008 Ölfus earthquakes. On the other hand, buildings 
constructed prior to the implementation of Icelandic National Application Documents of Eurocode 8 in 2002 were designed for much 
less seismic loads, by a factor of 2–4.4, and therefore suffered extremely from the Ölfus earthquake. 

Most notable in Fig. 2, however, is the fact that the PSAs at T < 0.6 s are clearly associated with large variability compared to longer 
periods, even over the small spatial scale of the ICEARRAY I (~1.25 km2). Since short-period motions are more susceptible to small- 
scale differences in source, path, and site effects that are not modeled (i.e., effectively considered random) the use of PSAARI serves a 
clear purpose at T ≤ 0.5 s. At longer periods, however, even though the variability appears to be greatly reduced, we choose not to 
combine the strike-parallel (x, N–S) and the strike-normal (y, E-W) components since they exhibit different PSA characteristics due to 
the different physical origins of the near-fault velocity pulses along those two directions (see description above). The near-fault ve-
locity pulse along the strike-parallel component appears in the PSA as a narrow-band increase at T ~0.7 s, associated with a permanent 
surface displacement along the fault, while the near-fault velocity pulse along the strike-normal associated with the propagating fault 
rupture towards Hveragerði, appears as a rather broad-band increase in PSA values from T ∼ 0.5–2 s [10]. This separation is to 

Fig. 3. Correlation matrix of a set of averaged horizontal IMs (in m/s2) at ICEARRAY I stations. The correlation coefficient is displayed on the top left corner of each 
panel. Histograms of the recorded IMs are shown in the diagonal of the matrix. 
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facilitate a more physics-based interpretation of the spectral loading at long periods, further justified in Fig. 2c where the PSAARI is 
shown at all frequencies, showing clearly that it masks completely these near-fault effects at longer periods. 

It is informative to study the correlation between the selected IMs because depending on their dynamic structural properties 
different elements of the exposed infrastructure respond differently to the seismic ground motions. For this purpose, a correlation 
matrix for the seven IMs is shown in Fig. 3 based on the IM-values of each station calculated from the recordings. Histograms of the IMs 
over their ranges appear along the matrix diagonal with scatter plots of IM pairs on the off-diagonal. To present the general trend of the 
IMs correlation, a least-square analysis is conducted for each set of IM datapoints. The slopes of the least-squares reference lines in the 
scatter plots (pink lines) are equal to the displayed correlation coefficients shown in the panels. As can be seen in subfigures of Fig. 3, 
there is a positive slope for almost all IMs, except for PSA at T 2 s. The p-values and number of degrees, that is nine (11-2 = 9), are used 
to test the hypothesis that there is no correlation between the observed phenomena (null hypothesis). Based on the t-statistic, an off- 
diagonal element of p-value must be less than the 0.05 significance level, to indicate a significant correlation between the two IMs in 

Fig. 4a. Shakemaps illustrating the spatial distribution of rotation invariant component of horizontal motions represented by the IMs PGA, and PSAARI at oscillator 
periods T of 0.2, 0.3, and 0.5 s (from top left to middle right) across Hveragerði relative to a single discretization of the amplitudes in m/s2. At the bottom are the 
shakemaps for the IMs AI (left) in m/s and CAV (right) in cm/s. The Empirical Bayesian Kriging (EBK) geostatistical analysis is applied to interpolate the IMs across 
Hveragerði on the basis of the ICEARRAY I recordings (triangles) with buildings indicated by light grey polygons. 
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question. To reflect this in Fig. 3, the Pearson correlation coefficient is displayed in red if p-value < 0.05, otherwise it is shown in black 
color. The p-value was much less than 1% in the vast majority of the cases shown, but some ranged from 2 to 4%. 

The IMs from PGA down to PSA at 2 s is essentially representing the narrow-frequency-band amplitudes of the ground motion from 
high-to low-frequency motions, while the CAV and AI being more involved estimates. The relatively high correlation of PGA and PSAs 
at adjacent and relatively close periods is therefore to be expected, as is the case for PGA down to PSA at 0.65 s. Similarly, the lack of 
correlation of PSA at 2 s with any of the others was expected, as long-period motions are effectively blind towards small-spatial scales, 
such as the overall area of the array. The highest correlations are found between the energy-based IMs CAV and AI, and then between 
both and PSA at 0.2 s. 

Fig. 4b. Same caption, except the shakemaps are shown for the separate horizontal components of motion along the N-S direction (left) and E-W direction (right) for 
PSA at T = 0.65 s (top), which coincides with the period of the near-fault velocity pulse associated with fault dislocation, and 2 s (middle) which shows the disparity 
between the fault normal (E-W) amplitudes associated with propagating rupture front. The two bottom plots show examples of the standard errors of two of the IMs 
estimates (0.2 and 2 s PSA at left and right, respectively). The maps highlight the spatial areas of relatively low standard errors i.e., those areas where we can expect to 
have full confidence in the interpolation. The opposite is observed in places outside of the array area. 
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2.3. High-resolution geospatial modeling of shaking variability 

The observed variability of the short-period motions across the array and their high spatial recording density now provides the 
opportunity to construct shakemaps for a number of ground motion IMs in high spatial resolution. To model the likely ground motions 
at non-recording sites we use geostatistical interpolation methods to estimate the values in unsampled locations and thus project the 
observed data into a continuous form in raster data format. Specifically, we use spatial kriging interpolation which is one of the most 
frequently used interpolators that offers a minimum sampling error variance. Discrepancies and sampling errors are then evaluated in 
the spatial analysis using variograms. Hence, a semivariogram model measures the dissimilarity between the interpolated value and 
observed data. Its accurate estimation is the most difficult aspect of building a valid kriging model. To elaborate, the classical kriging 
method uses a single semivariogram model to make predictions at unknown locations, implicitly assuming that the estimated semi-
variogram is the true semivariogram for the interpolation region and thereby underestimates the standard errors of prediction. On the 
contrary the Empirical Bayesian Kriging (EBK) geostatistical method is a robust interpolation method since it uses hundreds of 
semivariogram models, which offers significant advantages such as more accurate prediction for small datasets, more accurate 
standard errors of prediction, and minimal interactive modelling [50]. In the EBK process, a semivariogram model is first estimated 
from the observed data (samples). It should be noted that in EBK, the semivariogram parameters are estimated using restricted 
maximum likelihood. Then, at each data site, a new value is simulated using this semivariogram. Afterward, a new semivariogram 
model is calculated from the simulated data. A weight is assigned to this semivariogram based on Bayes’ rule indicating how likely the 
observed data can be generated from the semivariogram. The process is repeated for the optimal number of iterations ranging from 100 
to 500, thereby resulting in numerous sets of simulated data at the input sites from which a new semivariogram model is estimated 
along with its corresponding weight. Using weights of the estimated semivariograms, surface predictions and their corresponding 
standard errors are computed at the unsampled sites across the study area. 

To illustrate the spatial variability of the selected IMs, we apply the EBK spatial interpolation technique through Esri’s ArcGIS 
Geostatistical Analyst to generate their corresponding shakemaps (prediction maps) over Hveragerði. The EBK technique predicts the 
value of a parameter (i.e., the IM of interest) at target locations, i.e., very small grid cells across Hveragerði. The semivariogram model 
type employed in this study is K-Bessel which is the most flexible and accurate model as it best characterizes the spatial autocorrelation 
in the data. To satisfy the stationary hypothesis when applying EBK, the trends of the input spatial data were removed initially if they 
exist. A valuable by-product of the EBK is the variance map which gives us a measure of uncertainty in the interpolated values as they 
are essential for decision-making purposes. 

Fig. 4a presents the EBK-based shakemaps for PGA, short-period PSAARI at T 0.2, 0.3, and 0.5 s, as well as AI and CAV and finally for 
PSAx and PSAy at 0.65 and 2.0 s. Buildings and ICEARRAY I stations are indicated in light grey polygons and black triangles, 
respectively. The IM classes used for mapping the respective shakemap (see the legends) are different from each other but presenting 
the same color scheme so that they are internally comparable, apart from AI and CAV that have other units. The most noticeable feature 
of the spatial distribution of horizontal IMs in Fig. 4a is the persistently lower levels in the central part of Hveragerði, where IS608, 
IS611, and IS609 sites are located, while larger IMs are observed on the outskirts of town. This pattern was consistently seen for IMs for 
peak parameters at short and intermediate periods but not at long periods. 

The consistent color scheme shows that the spatial variation of horizontal PGA appears to be considerable, having a minimum 
between 4.3 and 5.2 m/s2 and a maximum of 7.3–8.7 m/s2. Nevertheless, this variability is rather small compared to that of PSA at 
short periods. This relative increase in variability is also manifested in Fig. 2, but Fig. 4b has the advantage of revealing also the spatial 
pattern with the lowest ground motion IMs generally observed in the center of Hveragerði with highest values at the outskirts. The 
other IMs, the AI and CAV also reveal this pattern, but in different ways, as they appear to capture the salient features of all PGA and 
low-period PSAs i.e., those associated with high-frequencies, and in particular the PSA at 0.2 s, consistent with the correlations be-
tween the estimates as presented in Fig. 3. They, on the other hand, reflect very little the different characteristics of the intermediate 
(0.65 s) and long-period (2 s) PSA maps. 

Namely, the separate components of horizontal PSA at 0.65 s and 2 s are not similar to one another. The PSAx at 0.65 s, which 
coincides with the narrow-band velocity pulse along the North-South component that originates due to the extreme near-fault surface 
manifestation of the fault dislocation at depth (see also Fig. 2), appears to show the same pattern of low values in the center of town. 
However, the East-West component however is associated with the velocity pulse due to rupture directivity that apparently produced 
sustained high levels of PSA over a broader period-range. Nevertheless, the patterns appear to be similar, indicating that the spatial 
effects are mapped into the velocity pulse distribution of amplitudes. The PSA at 2.0 s however, do not show a systematic pattern. In 
addition, they show very different levels of amplitudes, with the E-W component having much higher ones, presumably due to the 
broad-band nature of the forward directivity pulse. In addition, long-period waves are associated with longer wavelengths and 
therefore relatively low variability of the ground motions is expected over small distances, as appears to be the case here, and in 
particular compared to the high-frequency IMs. 

Finally, we show two maps that show the spatial distribution of the standard deviations of the 0.2 and 2 s PSA interpolated values 
across the array. Effectively, through the relatively low values of standard deviation over the map (dark colors are higher, lighter colors 
are lower level) we can identify the areas where we have full confidence in the EBK interpolation. Namely, the lowest values (highest 
confidence) are observed in the vicinity of observations (i.e., ICEARRAY I stations), while at locations far from the nearest observation, 
larger uncertainties are observed and thereby less confidence. Not surprisingly, we cannot associate any confidence in the empirical 
interpolation values outside of the ICEARRAY I area, as reflected in the very large uncertainty values. 

The clue as to why the central part of the town exhibits lower motions may be found in the town’s geology. A historical earthquake 
N–S fault has been mapped and lies directly through the center of town (west of IS609, under IS611 and IS608 stations, and further 
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south). Furthermore, the fault serves as a conduit for geothermal water that reaches the surface, resulting in a geothermal area in the 
center of town and a widespread and elevated ground temperature gradient around IS611 and towards the north [51]. Then, un-
derneath the surficial lava layer of several meters is a softer sedimentary layer, resulting not only in a velocity reversal, but has been 
affected by the geothermal activity [52]. Therefore, this elongated area is believed to attenuate higher-frequency motions more 
effectively than the outskirts of town, where this effect is not observed in local geology, and not in the strong-motion data. These spatial 
differences in geology are also what is believed to contribute to the large scatter in the observed high-frequency motions. Eventually, 
we notice that at longer periods, the size of the small-aperture array becomes comparable in size or even small compared to the seismic 
wavelengths, and such small-spatial scale effects are less systematically observed. 

3. High spatial-resolution loss database for Hveragerði 

3.1. Exposure database and code classification 

In this study, a comprehensive exposure database was compiled for all dwellings in Hveragerði importing data from the official 
property database (Registers, 2019). The database stores key information such as construction year, type of occupancy, construction 
material, number of storeys, geographical coordinates, floor area, lateral load resisting system (LLRS), lateral force coefficient, etc. It 
also contains results of valuation for taxation and replacement value (reconstruction insurance value). First, dwelling characteristics 
are aggregated to construct a building-by-building exposure database. Then, it is collocated with the Open Street Map buildings 
through validation and integration in ArcGIS for clear spatial visualization. 

The official property database does not include information on the structural system nor the lateral force coefficients used in 
seismic design. In Iceland, structural walls dominate LLRS in almost all buildings, regardless of the construction material or typologies. 
This contradicts other regions such as southern Europe, where moment-frames with or without masonry/brick infills are commonly 
used for constructing residential buildings. In this study the lateral force coefficient (defined as the fraction of the weight of the 
building) for RC buildings are estimated based on the buildings’ construction year and the seismic design codes that were in practice 
for constructing buildings in different periods in Iceland (Table 1) (See also [46]). There were no seismic design codes used before 
1958, marked as CDN in the code classification column in Table 1. In 1958, the first hazard map for Iceland was published in the 
Icelandic Journal for Engineers [54]. Although no seismic code nor regulations were operative at that time, the map affected the 
seismic design and most engineers started applying static lateral seismic force in their structural analysis, the low code period started 
(CDL). The first seismic code (́IST 13) was then implemented in Iceland in 1976 [55]. In 1989, the seismic code was upgraded and in 
force up to 2002 [56]. However, there was only minor increase in the lateral force coefficient (Table 1) and the period from 1976 to 
2002 can be combined into the moderate code period (CDM). Then, in 2002, the high code (CDH) period began when the Eurocode 8 
and the corresponding National Application Documents were implemented [47] and there was a considerable increase in lateral force 
coefficient defined by design spectrum (Table 1). An updated version then came in 2010 with National Annexes [7]. It can be assumed 
that the moderate ductility class (CDM) has most frequently been used for the seismic design of the low-rise Icelandic in the high 
seismicity zones since 2002. This is the same conclusion as in Crowley et al. [53] for the European building stock after implementation 
of Eurocode 8. In more detail, the assumptions made for determining the lateral force coefficients in Table 1 after 2002 is that the 
low-rise RC buildings in Iceland have short fundamental period of vibration and therefore the flat part of the design spectrum can be 
used, soil class A (rock with S = 1.0) is assumed. Furthermore, CDM and uncoupled structural walls are assumed which results in a 
behavior factor of q = 3, and finally, the importance factor γI = 1.0 is used. The reference acceleration agR = 0.4 g is used for the 
2002–2010 period and agR = 0.5 g after 2010 [7,57]. 

In Fig. 5, the geographical distribution of residential buildings constructed prior to the Ölfus earthquake in Hveragerði is plotted 
relative to the ICEARRAY I stations (black triangles) and color-coded by construction material (Fig. 5a) and construction year (Fig. 5b). 
In Fig. 5b the color-coding is consistent with Table 1 so that buildings built according to the same design requirement are shown in the 
same color and the corresponding lateral force coefficient is reported in parentheses in the legend. The color scheme from dark red to 
green indicates stronger design requirements i.e., higher to lower seismic vulnerability. As is generally the case, the oldest buildings, 
both CDN and CDL, are located in the middle of the town. In fact, the vast majority of the buildings in Hveragerði that suffered the Ölfus 
earthquake were built during either no, low or moderate code periods i.e., the relative percentages (number) of buildings associated 
with the four code classifications CDN to CDH in Table 1 are 12.2% (92), 33.9% (257), 31.3% (237) and 22.6% (171), respectively. 
Then, the main construction material 55.6% (421 number), 38% (288), and 6.4% (48) of the residential building are reinforced 
concrete (RC), timber (wood), and masonry material, respectively, with no masonry structures constructed during CDH. Among the 
residential buildings in the study area, 92.2% are low-rise single-family townhouses, and the remaining comprises apartment build-
ings, garages, and vacation resorts. Moreover, 85.5%, 13.7%, and 0.8% of buildings are one-storey, two-storey, and three-storey (the 
tallest) buildings, respectively. The maximum number of storeys for masonry buildings is two, and the two oldest masonry buildings 
were constructed in 1935 and 1940 in Hveragerði. 

It is interesting to note that in an international context, the Icelandic building stock is relatively young. For instance, in the whole of 
Iceland, no building was constructed before 1870 [58], and the oldest building in use in Hveragerði is a timber building from 1929. 
Most Icelandic RC buildings are in-situ cast, and only a few are built by prefabricated elements. The masonry buildings were con-
structed of unreinforced manufactured hollow pumice blocks in walls and tied together with rigid reinforced concrete floors. The 
pumice is a volcanic rock with high porosity and very low density (<10 kN/m3). The weight density of the cast hollow pumice blocks is 
~14 kN/m3, which is low density compared to the density of common natural stone or clay brick masonry building material in 
south-Europe. This results in lower inertia forces in Iceland [58]. 
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3.2. Loss parametrization 

All dwellings in Iceland have compulsory catastrophe insurance provided by the Natural Catastrophe Insurance of Iceland (NCI) 
which has public ownership (www.nti.is). In 2008 the deductibles where ~500 Euros for each dwelling. This amount has now been 
raised to ~2700 Euros. In the aftermath of the 2008 Ölfus earthquake, trained assessors working for NCI estimated the repair cost for 
all dwellings whose owners issued insurance claims. Due to the low deductible at that time, it can be assumed that all damages were 
reported as it financially benefits the owners to file a claim. If no claim was filed, the building is assigned “No damage” in the loss 
database. Therefore, detailed empirical loss data was established for all dwellings in the affected area, including damaged and un-
damaged dwellings. The damage records of dwellings constituting one building are combined, thereby determining each building’s 
damage value. Afterward, we attach the building damage information to the replacement price of each building from the exposure 
database described in the previous section. The replacement value in the property database is calculated by depreciated replacement 
value estimated based on the material, age, and general condition of the building with the addition of the cost of removing the 
damaged property. 

The repair cost for each unit was categorized into subgroups of structural and non-structural losses (see Ref. [59]). In Hveragerði, 
the ratio of non-structural damage to overall damage was above 80% for RC and timber buildings, and around 65% for masonry 
buildings due to the Ölfus earthquake. In this work, however, the emphasis is on the aggregate total loss value for each building which 
is presented by the damage ratio (denoted as DR hereafter). DR is the ratio of estimated repair cost to the replacement value of each 
building. The DR is bounded to be in the range [0,1], where 0 refers to the no-loss and 1 (100%) indicates a total loss. Approximately 
5000 residential buildings were affected by Ölfus earthquake [59]. Of those, 757 were in Hveragerði, where the most significant 
earthquake action was observed. Fortunately, however, the Ölfus earthquake did not cause any collapses of residential buildings but 
extensive damage was nevertheless observed, mainly dominated by damage of non-structural elements such as flooring and partition 
walls [35,59]. For instance, two buildings with timber and masonry material built in 1950 were utterly damaged (DR = 1) and one 
masonry building constructed in 1940 was severely damaged with DR greater than 60%. Of 757 residential buildings constructed prior 
to 2008 in Hveragerði, 20.5% (i.e., 155 buildings) were not damaged. 

The total average damage ratio was 4.1% (ratio of summed repair cost to summed replacement cost) in Hveragerði during the Ölfus 
earthquake. It should be noticed that according to the post-earthquake surveys conducted by NCI after the Ölfus earthquake, in most 
buildings damaged in south Iceland, a significant part of the losses was pertinent to the non-structural defects such as cracks in 
partition walls and ceilings, wall tiles, permanent tilt and settlement of foundations. The damage ratio above includes damage of all 
interior fixtures, pluming, etc. but does not include damage to household items, TVs, PCs although these articles were in many cases 
damaged severely. 

Table 1 
Lateral force coefficient used in design of RC buildings located in the zones with the highest seismic hazard in Iceland. See also Crowley et al. [53].  

Construction period Lateral force coefficient Design code Code classification 

<1958 – No code CDN 
1958–1976 0.07-0.1 Only hazard map (Tryggvason et al., 1958) [54] CDL 
1976–1989 0.13 Seismic code ́IST 13 (Iðnþróunarstofnun ́Islands, 1976) [55] CDM 
1989–2002 0.16 seismic code ́IST 13 (Iðntæknistofnun ́Islands, 1989) [56] 
2002–2010 0.33 Eurocode 8 and National Application Documents (Staðlaráð ́Islands, 2002) [57] CDH 
>2010 0.42 Eurocode 8 and Icelandic National Annexes (Staðlaráð ́Islands, 2010) [7]  

Fig. 5. Spatial distribution of buildings in Hveragerði over its respective street map classified by (a) construction material and (b) year of construction along with the 
corresponding lateral force coefficient (in g) reported in parentheses in the legend. ICEARRAY I stations are plotted by black triangles. 
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4. Earthquake strong-motion variability, code classifications and observed losses 

4.1. Correlation analysis 

Observed losses in Hveragerði during the Ölfus earthquake, as in any other earthquake, are related to the ability of any given 
structure to withstand seismic loads as well as the earthquake action the structures are subjected. On the basis of the loss dataset for 
Hveragerði, we show in Table 2 the observed mean damage ratio (MDR) classified by the three main building materials used in 
Hveragerði as well as with respect to the status of seismic design codes as specified in Table 1. To quantify observed MDR, we calculate 
the mean value of the observed DRs associated with N number of buildings included in each group. Overall, the MDR decreases with 
increased requirements in the seismic code. 

By taking advantage of the geospatial EBK results presented for the various IMs we can obtain the predicted IM values at each 
building for which we have loss data, and therefore incorporate the spatial variability of the ground motion into the comparison to 
losses. Thus, we pair the observed damage ratios for each building from the loss database with the IMs value at each building location 
according to the shakemaps. While this can be done for the different building materials and different status of seismic codes (Table 2), 
some grouping is required due to limits in the data and small differences in MDR between groups of different code statuses. Here, the 
groups for CDN and CDL are combined for the RC, timber and masonry buildings. In total there are seven building groups including 
only one group for the masonry buildings. Fig. 6 depicts the correlation between the inferred IMs and observed DRs corresponding to 
the building level for these groups. 98.3% of residential buildings experienced damage ratios less than 20% while a few numbers of 
buildings indicating DR>20% are dispersed amongst different groups with majority of them (10 out of 13) are found in three groups 
associated with CDN + CDL (see Fig. 6a, d, and 6g). Thus, to preclude the effect of outlier data in the analyses due to very few numbers 
of empirical loss data points with large DR, datapoints with damage ratios greater than 20% are excluded from the loss dataset. 

There is a great scatter in the loss data and the correlation is poor and up to moderate as shown in Fig. 6 where DRs for each code- 
and-material group are plotted. Despite the grouping, the correlations are affected somewhat by the number of data points (Table 2). 
As expected, most data points are found for the CDN + CDL and CDM for RC buildings, then for W-CDN + CDL, W-CDM and RC-CDH, as 
they were the prevalent building materials during those periods. 

The least number of data points is found for masonry. With that in mind, for the CDN + CDL groups regardless of the building 
material (Fig. 6a, d, and g), the correlation seems poor in all cases (only black values). The score appears to be “most moderate” for AI 
and CAV and larger than ~10%. We note however the p-value is slightly greater than 0.05 indicating that the hypothesis of zero 
correlation cannot be rejected. The RC-CDM and W-CDM groups stand out, as the DRs show consistent and moderate correlation with 
all IM (with the strange exception of RC-CDM and PSA at T 0.65 s). That indicates that the relative differences in spectral ground 
motion amplitudes had slight effect on the DR distribution. In between them, the W-CDM group is the one associated with the highest 
overall correlation values, from 0.29 to 0.41 across the IMs consider, with the largest values associated with AI and CAV. Then, the 
highest DR correlation for the RC buildings is for PGA. Interestingly, the W-CDH DRs have the highest correlations with PGA, while for 
the RC-CDH buildings the score is fair for all the IMs parameters except for PSA T 2 s. 

A much better correlation of DRs with IMs would have been expected given the high amplitude and intense seismic ground motions 
that in most cases far exceeded the design provisions of the buildings. However, the poor correlation has a physical explanation. 
Namely, the observations of the in-situ survey of the damaged buildings conducted after the Ölfus earthquake showed that the non- 
structural components were the primary elements that were damaged and not the structural elements [59]. In other words, the 
structural elements were not the key factor in the determination of the damage ratio. Furthermore, the seismic performance of the 
structural elements of the primarily residential buildings in Hveragerði can be attributed to them for the largest part being low-rise 
one-storey single buildings with light roofs, symmetric and regular design in plan and height, as well as well-designed structural 
walls LLRS, which for example for the RC buildings responded in the elastic range. Their residual strength is not associated with 
advanced seismic design but more building traditions and environmental factors that require strong walls to deal with cold climate and 
to withstand strong wind loads, the wind especially affecting the design of light-weight timber buildings. Furthermore, for the CDH 
buildings, the participation of gravel fill foundations have most likely effectively filtered out some spectral ground motion amplitudes 
and thus reducing the earthquake action [29,35,60]. 

5. Seismic loss estimation for Hveragerði using local vs. global models 

5.1. Taxonomy and methodology 

One of the main objectives of the present study is to contrast the reported losses due to the Mw6.3 Ölfus earthquake in Hveragerði 

Table 2 
Number of residential buildings (N) and the mean damage ratio (MDR) for different status of seismic codes (no-code, low-code, moderate-code, and high-code), for RC, 
timber and masonry buildings in Hveragerði following Ölfus Earthquake.  

Status of seismic codes RC Timber Masonry Total 

N MDR (%) N MDR (%) N MDR (%) MDR (%) 

CDN 15 5.1 44 5.4 33 9.1 6.9 
CDL 161 5 82 3.3 14 3.1 4.4 
CDM 144 4.5 92 3.7 1 0 4.2 
CDH 101 2.7 70 2.5 0 0 2.6  
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with the results of a scenario-based risk assessment for Hveragerði, considering the most recent local vs. global fragility functions, and 
in two levels of municipality vs. building-by-building spatial resolution. 

To this end, first, having the complete information about the building portfolio in the detailed exposure database, the key building 
typologies are identified according to the SERA taxonomy system [61] proposed by the European Seismic Risk Model 2020 (ESRM20). 
It should be noted that the exposure database provided in the present study is in a high level of detail (level 2). Buildings are classified 
into eight main typologies (see Table 3) based on the expected level of ductility, construction material, LLRS, number of storey as well 
as expert judgment. The standard construction materials are reinforced concrete (CR), timber (W), and unreinforced masonry with 
concrete blocks (MUR + CB). The ductility level reflects different levels of seismic design. Herein, the CR structures are divided into 
two ductility levels. Namely, low ductility structures were built before 1976 that incorporated minimal seismic provision and medium 
ductility structures that included some seismic design degree and were made after 1976 when the first seismic code was implemented 
in Iceland. Although the LLRS for almost all buildings is wall (LWAL), for timber buildings, a moment frame (LFM) is believed to be a 

Fig. 6. Correlation between EBK-based IMs (m/s2) and DRs associated with the 2008 Ölfus earthquake at residential building locations in Hveragerði, corresponding 
to seven building groups (a–g). Damage ratio histogram for DR ≤ 20% is indicated in the leftmost panel. We note that DR > 20% are excluded from the computation as 
they acted as outlier due to very few numbers. 

Table 3 
Building typologies for residential buildings in Hveragerdi according to the SERA taxonomy system.  

Typologya CR_LWAL- 
DUL_H1 

CR_LWAL- 
DUL_H2 

CR_LWAL- 
DUM_H1 

CR_LWAL- 
DUM_H2 

W_LFM- 
DUM_H1 

W_LFM- 
DUM_H2 

MUR- 
CB99_LWAL- 
DNO_H1 

MUR- 
CB99_LWAL- 
DNO_H2 

Label CL1 CL2 CM1 CM2 W1 W2 M1 M2 
No. buildings 127 30 240 24 268 20 34 14 
Average 

economic 
costb 

177,2 ± 8,1 154,8 ± 17,3 192,0 ± 15,9 169,5 ± 17,0 174,3 ±
20,3 

156,6 ±
18,7 

156,1 ± 13,0 152,4 ± 15,7  

a The building typologies are selected in accordance with building classes for which global fragility functions were available. 
b The average economic cost values are given in Icelandic Krona (1000 ISK) per m2 area floor for new construction (1 Euro = 150 ISK).  
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more appropriate LLRS. The reason is the limited available fragility functions for wood buildings in the global library of fragility 
models (the fragility models associated with LWAL LLRS were considerably different from the reality). A few numbers of existing 3-sto-
rey buildings are classified as 2-storey building class (H2). Based on the local engineering expert opinion in Iceland, structures built 
before 2008 are designed based on less rigorous regulations than modern seismic codes; thereby, no buildings are classified as high 
ductility. This is in fact the same conclusion as in a recent article about the building stock in Europe (Crowley et al. [53]). Table 3 
presents the identified model building typologies for Hveragerði building stock, their associated short names, and the distribution of 
the number of buildings within each typology. The most prominent building typologies in Hveragerði are W-LFM-DUM-H1, 
CR-LWAL-DUM-H1, and then CR-LWAL-DUL-H1 with 35.4%, 31.7%, and 16.77% of the building stock, respectively. Neglecting the 
ductility level and building height, CR-LWAL class is the prominent class (see also Fig. 5). 

The significant spatial variation of the IMs over the small study area illustrates that the assumption of uniform distribution of a 
single ground motion parameter for a relatively small cell in seismic risk assessment can give deceptive results. Hence, we stress the 
necessity of conducting a seismic risk assessment for local areas at the highest geographical resolution, i.e., building-by-building, as 
conducted in the following. The results are compared with the loss estimates performed at a municipality level, i.e., a grid cell area of 
~2 km by 2 km, which is smaller than the area commonly used in regional loss modeling. 

Furthermore, to have a more reliable and informed view of the seismic risk, we carry out the loss estimation using a logic-tree 
framework where we introduce the two sources of uncertainties, namely: replacement value (monetary building values) and 
ground shaking IM. For high-resolution loss estimation (i.e., building-by-building), we employ the statistics of the inferred spectral- 
based IMs at building coordinates across Hveragerði obtained from their corresponding EBK-based shakemaps associated with PGA 
and PSAs at short periods. Therefore, ground shaking values are provided in three logic-tree branches: the mean IM, upper bound IM, 
and lower bound IM, which is calculated by mean ± one standard deviation, with weights of 70%, 15%, and 15%. However, for loss 
estimation at the municipality level, the statistics of PGA and PSAs at recording stations are employed to determine the same three 
logic tree branches with the same weights as for the high-resolution loss estimation. Moreover, all buildings’ information necessary for 
risk assessment is aggregated. 

To determine the economic cost, first, the replacement value for each building (dwelling) is normalized by the floor area. The mean 
and standard deviation of the normalized economic values are calculated for the whole Hveragerði, corresponding to each building 
typology (see Table 3). Having the statistic of the economic values (known as monetary values), three branches are defined considering 
the mean, mean - standard deviation (lower bound of the economic value), and mean + standard deviation (upper bound of the 
economic values) and hence incorporated within the logic-tree framework with weights of 60%, 20%, and 20%. Moreover, the mean 
loss value corresponding to the complete, extensive, moderate, and slight damage states (DS) are determined by 100%, 60%, 20%, and 
5% of the total normalized monetary values to be consistent with the damage-to-loss model used to derive global vulnerability 
functions in terms of direct economic loss by Martins and Silva (see Table 2 of [62]). The mean economic cost per square meter ranges 
from 154.8 to 192 thousand ISK/m2 for RC structures, 156 to 174 thousand ISK/m2 for timber buildings, and 152 to 156 thousand ISK/
m2 for masonry buildings. The replacement cost values are reported by Registers Iceland (2020) (see Table 3). 

5.2. Local vs. Global fragility and vulnerability models 

Martins and Silva [62], hereafter MS20, developed a large databank of fragility functions covering the most common building 
typologies throughout the world. The MS20 global fragility functions were generated using nonlinear time history analysis on a single 
degree of freedom. Four damage states (i.e., slight, moderate, extensive, and complete) dependent on the spectral displacement at the 
yielding point and the ultimate displacement were used to develop the fragility functions. These damage states are based on Lago-
marsino and Giovinazzi’s [63] proposal with minor modifications preventing crossing between the damage thresholds. The global 
fragility models associated with the identified building typologies (Table 3) are employed for the risk assessment. Considering the 
low-rise buildings in Hveragerði and their respective dynamic properties, the fragility models attributed to either PGA or PSA at 0.3 s 
are utilized depending on the building’s natural period and availability of the fragility model. 

Two empirical local vulnerability/fragility models exist, ICE2000 and ICE2008 which are both as a function of PGA and developed 
based on zero-inflated beta regression [34]. The ICE2000 model is calibrated from the observed losses in the South Iceland June 2000 
earthquakes while the ICE2008 model is calibrated using loss data from the May 2008 earthquake. Both models give parameter sets for 
five building typologies, namely, CR + CIP1 – CDN + CDL, CR + CIP – CDM + CDH, W + WLI2 – CDN + CDL, W + WLI – CDM + CDH, 
and MR + CBH3+MOC4 – CDN + CDL (see Ref. [64]). All typologies are restricted to LWAL LLRS and low-rise buildings with one or two 
stories (HBET:2,1). Bessason et al. [34] recommended using the ICE2000 model to predict losses for earthquakes in the Mw range 
6.4–6.6 and the ICE2008 model for events in the Mw range 6.2–6.4. In this study, both models are used for the scenario earthquake for 
Hveragerði. Fig. 7 presents a visual comparison of global fragility function with the local ones for the low-code RC building typology 
used for risk analysis in this study. Fig. 7a corresponds to CL1 and CL2 (see Table 3) for one and two-storey low-code RC buildings with 
LWAL LLRS. Fig. 7b presents both existing local models of ICE2000 and ICE2008 for “CR + CIP – CDN + CDL” no-code and low-code RC 
building class. The fragility functions are provided for four damage states distinguished by different colors in legend. The significant 
difference amongst global and local models is apparent at all damage states. Furthermore, ICE2000 and ICE2008 models depicted by 

1 CIP: Cast-in-place. 
2 WLI: Light-wood-members. 
3 CBH: Concrete-blocks-hollow. 
4 MOC: Cement mortar. 
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solid and dashed lines, respectively (Fig. 7a) indicate remarkable discrepancy, especially for DS2. 
It should be noted that the fragility and vulnerability models adopted in this study do not account for the pulse-like effect. Ac-

cording to recent studies ([65,66]), the effects of pulse-like ground motions on seismic demands and resulting fragility of short-period 
structures, which is the key characteristic of the building assets in this study, are not particularly significant since directivity-induced 
pulses are generally long-period phenomena. Additionally, pulse-like ground motions are practically not affecting the slight and 
moderate damage fragility relationships, for which an essentially-elastic behavior is expected. Instead, for the damage states involving 
non-linear behavior (extensive and complete damage), such effect is somehow proportional to the ductility capacity of the case study; 
in other words, the reduction in median fragility caused by pulse-like ground motions is higher for structures with larger ductility 
capacity. Thus, this study does not investigate the impact of the directivity-induced pulse-like ground motions on building loss 
assessment. 

To predict possible losses, the open-source earthquake risk and loss assessment tool, SEismic Loss EstimatioN using a logic tree 
Approach (SELENA) [33] is employed. Eventually, we calculate a number of relevant risk metrics, namely, the total economic loss 
value MDR for each building typology expressed as the ratio of damage cost to the cost of new construction, and finally, damage 
probabilities at five damage states and for each building typology. 

5.3. Loss estimation results 

The mean total economic losses caused by Ölfus earthquake scenario on residential buildings in Hveragerði is estimated at 1459 
million Icelandic Krona (ISK) with 16th and 84th percentile of 1330 and 1588 million ISK based on risk calculation at the building-by- 
building level. Also, regarding municipality level risk calculation, the mean economic loss value of 1478.5 million ISK is estimated 
from the aggregation of economic losses corresponding to each building with 16th and 84th percentile of 1350 and 1608 million ISK. 
The actual repair cost paid by the insurance company to building owners was about 750 million ISK, which is significantly lower than 
the MS20 predicted values. The local ICE2008 model estimated 934 million ISK loss value which is close to the real repair cost. Whilst 
the ICE2000 model predicts 1905.4 million ISK. The discrepancy between the risk assessment results of the two local models can stem 
from different reasons. Bessason et al. [34] concluded that the energy content and duration of the ground motion, reflected by 
magnitude size, are of importance, and these factors are not mirrored by the PGA parameter alone. 

Looking in more detail at the predicted and observed losses, Fig. 8a presents the repair-to-replacement cost ratio (MDR) for eight 
building typologies predicted using MS20 fragility models in two resolution levels, namely, the classical municipality level (classical 
resolution prediction, orange bars) and high-resolution of building-by-building (high-resolution prediction, blue bars). For the MS20 
model, a dispersion/variability in damage ratios must be considered by the logic tree branch when loss results are used to develop risk 
management strategies. Therefore, herein, the 84th and 16th percentiles of the estimated MDRs are indicated by error bars. To compare 
the loss estimates with ones calculated from the observed repair costs after the May 2008 earthquake, the observed MDRs corre-
sponding to each typology is shown by yellow bars. 

In accordance with our expectation, building typologies associated with low ductility (e.g., CL1, CL2) results in higher loss than 
buildings with higher ductility (e.g., CM1, CM2) (see Fig. 8a), although the differences are not large for observed data. Moreover, for 
CL1 and CM1 which includes 48% of residential buildings in Hveragerði, the MDR predictions are slightly lower than the observed 
MDRs. While for the remaining typologies, the predicted MDRs are generally (much) larger than the observed ones. Note that by 
multiplying the MDR estimates illustrated in Fig. 8a by the replacement costs reported in Table 3, and floor area, the repair cost 
associated with each building typology can be obtained. 

Fig. 7. Example of fragility functions in PGA (g) for a low-rise RC building typology used in this study, a) local fragility curves of ICE2000 and ICE2008, and b) MS20 
global fragility functions of CL1 and CL2. 
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Additionally, in Fig. 8b, we evaluate the performance of ICE2000 and ICE2008 local models and their comparison with MS20 and 
observed MDRs for three building classes of concrete, timber, and masonry. To have an acceptable comparison, the MDR predictions 
relative to eight and five building typologies associated with MS20 and local models, respectively, are weighted based on the number 
of buildings in each class. 

If the observed MDRs are pooled for three main groups of concrete, timber, and masonry buildings, then the observed MDRs for 
each group are 4.2%, 3.4% and 7.2%, respectively (See Fig. 8b). Therefore, the observed data indicates that masonry buildings are the 
most vulnerable building class with the highest observed MDR. Moreover, the timber and concrete buildings displayed the best 
performance during the earthquake. When Ölfus earthquakes struck in May 2008, less than 7% of the residential buildings were 

Fig. 8. a) Mean damage ratio (MDR) for eight building typologies predicted using MS20 fragility models, in classical municipality level (orange bars) and high- 
resolution of building-by-building (blue bars), along with its 84th and 16th percentiles (error bars), as well as the MDR from observed loss values (yellow bars). b) 
MDR for three building classes, predicted by MS20 fragility models, ICE2000 and ICE2008 local models, and their comparison with corresponding observed losses. 

Fig. 9. Damage probability for Hveragerði based on (a) high-resolution risk assessment using eight global fragility models proposed by MS20, (b) classical spatial- 
resolution risk assessment using local fragility model of ICE2008 for three material categories of buildings, and (c) observed losses classified using the SERA tax-
onomy system, vs. (d) observed losses based on the three material categories of buildings. 
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masonry buildings, and they are no longer constructed in Iceland, which will help to reduce the risk in future earthquakes. 
For timber building class, the Icelandic vulnerability models, especially ICE2008, predict well the observed damage in Hveragerði. 

While global fragility functions tend to greatly overestimate the losses of timber buildings. For concrete buildings, the MS20 and 
ICE2008 models predict the observed MDR with slight discrepancy. For masonry buildings, the global and both local models signif-
icantly overpredict the observation, although the similarity of results between the classical MS20 and ICE2000 predictions is 
noteworthy. 

Based on MS20 predictions, the least vulnerable buildings are those made of reinforced concrete with wall LLRS, in particular with 
medium ductility as illustrated by the small loss predictions associated with CM1 and CM2 in Fig. 8a. Whereas, based on ICE2000 and 
ICE2008 models, the timber building class with the smallest MDR is the least vulnerable one. 

The total weighted MDR for the whole Hveragerði is estimated at 8.33% and 5.11% using the building-by-building resolution MS20 
and ICE2008 models, respectively. Considering the total observed MDRs of 4.1%, the local ICE2008 model acts superior in predicting 
the total MDR for all buildings in Hveragerði. Overall, the ICE2008 model performs superior in estimating damages to timber and 
concrete buildings across Hveragerði. 

According to Fig. 8, the MDR estimates associated with municipality resolution level in the loss estimation overestimate the ones 
from building-by-building resolution for about half of the typologies. For one-storey typologies comprising large number of buildings 
such as CL1, CM1, and W1, the estimates are quite similar. For masonry building classes (M1 and M2), high-resolution MDR estimates 
are significantly lower, and thus, with less discrepancy with observed MDR. However, we emphasize that in high- and low-resolution 
risk assessment conducted in this study, the spatial variability of IMs in the study area was captured through adopting specific logic tree 
branches for their corresponding median, lower and upper bound values. 

Fig. 9 presents the damage probability for five damage states determined by independent MS20 fragility functions (Fig. 9a) as well 
as ICE2008 fragility models (Fig. 9b). According to Fig. 9a, the probability of extensive damage (DS3, purple bars) or collapse (DS4, 
green bars) in reinforced concrete buildings is almost zero; 7% and 4% in W1; and 9% and 8% in M1, respectively. Note that the MS20 
predictions (Fig. 9a) are from high-resolution risk assessment, which differs slightly from the classical-resolution risk calculation. To 
scrutinize, there is a negligible difference for CL1, CL2, CM1, and CM2 typologies, whereas the discrepancy is more apparent for M1 
and M2 with larger moderate to complete damage estimates in classical risk assessment (lower resolution). 

The ICE2008 vulnerability model can be used to create fragility curves for any damage state as long they are defined for specific loss 
bins [34]. Therefore, to have a fair comparison, ICE2008 fragility curves are reconstructed in this study for loss bins which are 
considered to be consistent with the damage states utilized by MS20: DS0 - No damage, DR = 0; DS1 - Slight damage, 0 < DR ≤ 5%; 
DS2 - Moderate damage, 5% < DR ≤ 20%; DS3 - Extensive damage 20% < DR ≤ 60%, and DS4 - Collapse, 60% < DR ≤ 100%. On this 
basis, the ICE2008 model predicts a 3% probability of extensive damages for concrete and timber and 25% for masonry which is larger 
than MS20 predictions (~10%). It is of interest that MS20 estimates 7% and 4% probability of extensive damage and collapse in the W1 
class which includes 93% of timber buildings. 

Fig. 9c and d show observed damage states in different building classes after the Ölfus earthquake which are comparable to the 
predicted damage states in the upper panels. Fig. 8d depicts that about 68.4% of RC buildings, 76% of timber, and 62.5% of masonry 
buildings experienced no or slight damages (DR < 5%) (DS0 and DS1). Furthermore, 1.2%, 1.4%, and 8.4% of RC, timber and masonry 
buildings suffered extensive (20% < DR < 60%) or complete damages (DR > 60%) after Ölfus earthquake, respectively. The highest 
damage probability was observed mostly in old residential areas of Hveragerði as per our expectation. To be more specific, out of seven 
highly damaged buildings with DR > 20%, one was two-storey timber with 100% DR built in 1950 (see W2-DS4 in Fig. 9c), three of 
them were masonry built in 1940–1950, and the remaining three were one-storey concrete buildings (two constructed in 1974 in CL1 
and one in 1977 in CM1, see DS3 in Fig. 8c). These can also be validated by detailed classified damage probability illustrated in Fig. 9c. 

Moderate damage predictions (DS2) obtained from global fragility functions (Fig. 9a) are smaller than their corresponding ob-
servations (Fig. 9c) with the prediction-to-observation ratio ranging from zero and 1/10th from CM1 and CL1 toward less discrepancy 
of ~50% seen in W2 and M1 and finally 70% in W1. This is contrary to the performance of local model predictions in DS2 where there 
is a great agreement between predicted (Fig. 9b) and observed damage probabilities (Fig. 9d). Moreover, for no damage and slight 
damage state groups, the discrepancy between observed damages and the predictions determined from local fragility models are 
smaller than those obtained from MS20 global fragility models. 

Finally, comparing MS20 predictions in extensive to collapse damage states with their corresponding observations indicate the 
excellent seismic resistance of buildings in Hveragerði which can be due to the fact that the Icelandic buildings are constructed to 
withstand substantial lateral loads imposed by winds because the prescribed wind force loads in Iceland are among the highest in 
Europe. The fundamental base value of wind velocity is vb,0 = 36 m/s (CEN, 2005; Icelandic standards, 2010). Additionally, for all 
building typologies, the floor slabs and the building foundations are built using reinforced concrete that ties the foundations together 
and makes them more earthquake resistant. It is worth emphasizing that as explained above the consequences of a specific earthquake 
scenario can change remarkably depending on the earthquake characteristics such as magnitude, ground motion intensity, the distance 
between the earthquake source and the assets at risk, site condition of exposed assets and so forth. 

6. Summary and conclusions 

In this study, we take advantage of the intense high-frequency ground accelerations and large amplitude and long-period near-fault 
pulses during the Mw6.3, May 29, 2008 Ölfus earthquake in Southwest Iceland that were recorded on the dense strong-motion array 
(ICEARRAY I) in the small urban area of Hveragerði that was in the extreme near-fault region of the earthquake. The observed hor-
izontal PGA of approximately 40%–90% g was ∼ 2–4.5 times higher than the design requirements of the vast majority of the buildings 
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in Hveragerði. Fortunately, however, there were no building collapses and no loss of life. Nevertheless, the town suffered significant 
damage and therefore a comprehensive GIS-based building exposure database for the town was collated and linked to the loss database 
(i.e., repair cost) provided by the Natural Catastrophe Insurance of Iceland on a dwelling-by-dwelling level. 

In order to assign each building in Hveragerði an IM value and inspect the spatial variations of the IMs across the town, we generate 
high-resolution shakemaps for a set of well-known seismic ground motion intensity measures including PGA, PSAs at short-to-long 
periods and two energy-based IMs, i.e., AI and CAV from the ICEARRAY I acceleration time histories, applying empirical Bayesian 
kriging geostatistical analysis. The EBK-based shakemaps showed significant and systematic variation of the IMs across the small study 
area. In general, for IMs at short and intermediate periods, the lowest amplitudes were observed in the center of town with the highest 
in the outskirts, which can in part be explained by local geological features. Moreover, considerable IM variability was observed at 
higher frequency ground motions, while long-period motions showed near none, with the exception of the different spatial patterns of 
fault-parallel and fault-normal velocity pulses at intermediate periods. The long-period PSA shakemap showed small amplitude level, 
with the E-W component having much higher ones due to the broad-band nature of the forward directivity pulse. The AI and CAV 
shakemaps appear to capture the salient features of all PGA and low-period PSAs. 

Correlation analysis was carried out for the building data in various groups classified by the status of the active seismic code upon 
their construction and damage ratios calculated from the loss data for each building. Overall, it’s been demonstrated that PGA is not 
the best overall IM that correlated with damage ratio. The systematic pattern of IM amplitudes did not however appear to be man-
ifested in the high-spatial resolution building-specific damage ratios. In general, low correlations were observed except for a few 
groups showing moderate correlations (e.g., RC-CDM and W-CDM). This can partially be explained by the fact that the observations of 
the in-situ survey of the damaged buildings conducted after the Ölfus earthquake showed that the non-structural components were the 
primary elements that were damaged and not the structural elements, for which the code design requirements specifically apply. 
Furthermore, the seismic performance of the structural elements of the primarily residential buildings in Hveragerði can be attributed 
to the abundance of low-rise one-storey single buildings with light roofs, symmetric and regular design in plan and height, as well as 
well-designed structural walls LLRS. Moreover, the buildings appear to have residual strength not associated with advanced seismic 
design but other factors (e.g., cold climate and strong wind loads) that resist the earthquake action and thus mitigate potential seismic 
damage to the structural systems. 

As one of the main objectives of this study, we carried out seismic loss assessment in Hveragerði for the Ölfus earthquake scenario. 
To this end, residential buildings were classified into eight building typologies as per the SERA taxonomy scheme. The global fragility 
functions proposed by Martins and Silva [62] as part of global risk modellng ([67]) along with the most recent empirical local models 
[34] were employed corresponding to each building typology in a logic-tree framework for handling the uncertainty. The predicted 
risk metrics were compared with the observed loss data recorded following the Ölfus earthquake. 

Overall, masonry buildings are the most vulnerable building typology with the most considerable expected losses. The global 
fragility functions significantly overestimate the observed losses for all building typologies, except for one-story reinforced concrete 
buildings. On the other hand, the local empirical model of ICE2008 performed well in predicting the seismic performance of the timber 
and concrete building stocks during the Ölfus earthquake. Finally, we evaluated the seismic losses for a high-spatial resolution 
(building-by-building level) exposure dataset and compared them with those obtained from a classical municipality level resolution, 
defined by a small grid cell. In half of the cases, the high-resolution predictions gave results that better correlated with the observed 
losses. In the other cases, both levels gave similar results. 

Our comparison between local and global models indicates that when a large-scale vulnerability estimation is carried out the use of 
global fragility functions tend to overestimate the losses of region-specific building typologies (e.g., timber structures for Iceland) but it 
provides good results for typical structures (e.g., low-rise RC buildings). In terms of total economic losses caused by Ölfus earthquake 
scenario on residential buildings in Hveragerði, both global and local ICE2000 models overestimate the actual repair cost paid by the 
insurance company by about twofold. Whilst the ICE2008 model predicted economic losses close to the actual repair cost. The 
discrepancy between the risk assessment results of the two local models can stem from the differences in energy content and duration 
of the ground motion, reflected by magnitude size which are not reflected by the PGA parameter alone. Caution is needed when using 
an empirical vulnerability model to predict losses for magnitudes different from the size of the destructive earthquake that was used to 
calibrate the model. 

This study has pushed the limits of a data-driven high-spatial-resolution loss estimation. Namely, it is enabled by the high- 
resolution database of not only exposure data, but also intensity measures from a dense urban array of strong-motion stations that 
recorded significant and damaging seismic ground motions, along with a building-by-building loss data for the earthquake scenario 
used. It has showcased the physics-guided analysis of the intense near-fault ground motions and the corresponding calculations of 
multiple IMs and their interpretation. Finally, the loss estimation has shown the futility of using only global vulnerability or fragility 
models for the Icelandic building stock which has repeatedly shown very low vulnerability to even strong seismic motions. 
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Bull. Earthq. Eng. 14 (2016) 1945–1955, https://doi.org/10.1007/s10518-015-9783-5. 
[30] R. Sigbjörnsson, S. Ólafsson, J.Th Snæbjörnsson, Macroseismic effects related to strong ground motion: a study of the South Iceland earthquakes in June 2000, 

Bull. Earthq. Eng. 5 (2007) 591–608, https://doi.org/10.1007/s10518-007-9045-2. 
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