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SUMMARY 
 
Seismic safety considerations are required in the UK for those industries where the risk of failure is 
unacceptable. In the 1980s a series of studies were performed by Principia Mechanica Ltd (PML) that 
developed attenuation equations for PGA and spectral ordinates, suitable for use in the UK, which have 
since been widely used in hazard assessments. The increase in the numbers of strong-motion records and 
the major advances in strong-motion modelling, made it appropriate for the PML relations to be reviewed 
and, if necessary, updated. This paper presents an overview of a study carried out for this purpose.  
 
The study began by re-evaluating the PML equations repeating the regression analyses using re-calculated 
magnitudes and distances and alternative functional forms.  These were found to produce minor, but not 
insignificant, differences in the predicted ground motions. The second stage of the work was to perform 
regression analyses on a new database of accelerograms from the SCRs, mainly from eastern North 
America (ENA). The large scatter in the equations was shown to be in part due to important regional 
differences between ENA, Europe and Australia, which were also identified by comparison of isoseismal 
patterns. Preliminary applications using the stochastic approach were then explored as an alternative, from 
which it was found that considerable additional work is needed to constrain input parameters, particularly 
site conditions at UK seismic stations and crustal structure in the region. 
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As part of the northwest European Stable Continental Region (SCR), the United Kingdom is an area of 
low, although not negligible, seismicity. Significant earthquakes are infrequent and the maximum 
historical events are believed not to have exceeded magnitude 5.5, but the hazard this low-level seismicity 
represents is considered sufficient to warrant earthquake safety considerations for those industries where 
the risk of failure is unacceptable. During the 1980s, a series of studies were carried out by Principia 
Mechanica Ltd. (PML) that produced prediction equations for peak ground acceleration (PGA) and for 
response spectral ordinates, specifically for use in the UK. The PML attenuation equations have been 
widely used in seismic hazard assessments for nuclear facilities, offshore oil and gas platforms, large 
dams, military installations and even the Channel Tunnel.  
 
In the 16 years that have passed since the PML equations for the prediction of spectral ordinates were 
published, many important developments have taken place in strong-motion predictions, including the 
expansion of the global databank of records and specifically the increase in the number of accelerograms 
from SCRs. There have also been important developments in terms of ground-motion modelling, using 
both empirical and stochastic methods, and most recently in hybrid approaches that combine both 
methods. Simultaneously, equally important advances have been made in probabilistic seismic hazard 
assessment (PSHA) and in particular the treatment of aleatory and epistemic uncertainties. A critical 
review of the PML equations has been carried out in the light of these developments with the initial 
objective of identifying the possibilities for updating the PML equations to provide improved input to UK 
seismic hazard assessments. 
 

EXISTING UK ATTENUATION RELATIONSHIPS 
 
The first stage of the review of UK attenuation relationships was to consider the datasets, the strong-
motion parameters and the regression approach used by PML to derive their various relationships, in order 
to understand the shortcomings associated with using these equations for the assessment of seismic hazard 
in the UK.  Subsequently a comparison was carried out with the estimates of PGA or spectral 
accelerations derived for other stable continental regions (SCRs) as defined by Johnston et al. [1] based 
on the assumption that ground motions in other SCRs are likely to be similar to those from UK 
earthquakes.  For illustration, a limited dataset of SCR records was compiled in order to compare the 
predictions using the PML relationships to measured data. 
 
PGA Equations  
The 1982 PML equation [2] for the estimation of peak ground acceleration (PGA) is: 
 

( ) [ ]SM
S edMPGA 25.013.2ln26.1587.017.1ln +−+−=      (1) 

 
where, PGA is the peak ground acceleration in units of g (largest horizontal component), d is the 
hypocentral distance (km) and the standard deviation is 0.553. 
 
Subsequently the following equations were published in 1985 [3] for the estimation of near field PGA: 
 

( ) [ ]SM
S edMPGA 36.002.1ln45.152.0335.0ln +−+−=      (2) 

( ) [ ] FedMPGA SM
S 22.073.0ln27.146.0855.0ln 35.0 ++−+−=     (3) 

 
where, d is the shortest distance from site to fault rupture, F is 0 for strike slip and normal faulting and 1 
for reverse faulting and the standard deviation is 0.5 for Equation (2) and 0.49 for Equation (3).   
 



The database used to derive Equation (1) was dominated by records from the Eurasian Alpide Belt, which 
extends from Southern Europe through to western Asia and the Northern Indian subcontinent.  This 
region, although not a major plate boundary, is nonetheless an area of high seismic activity and 
deformation, unlike the UK.  The 1985 near-field relationships relied heavily on records from the plate 
boundary region of California, being the only region at the time to have a sufficiently dense array of 
strong-motion instruments.  Neither region is classified as ‘stable continental’ and the datasets are not 
therefore comparable with the UK. Since much research on the definition and attributes of stable 
continental regions has been carried out since 1988, this observation is to be expected, and is a reflection 
of the amount of time passed since the last PML report.  
 
The magnitude distance pairs for all of the PML datasets are shown in Figure 1.  An additional 
shortcoming of the 1982 dataset is the use of a combination of fault rupture distance for the near-field 
Californian records and hypocentral distance for all other records.  The use of the rupture distance in 
Equations (2) and (3), defined as the closest distance from the site to the earthquake fault rupture plane 
has notable associated uncertainties.   
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Figure 1: Magnitude distance pairs of the PML datasets 

An important feature of the 1982 dataset and Equation (1) is the omission of site conditions as an 
independent variable.  A re-examination of the residuals of the measured to the predicted PGA in the light 
of all available site information for these records indicated a clear influence of the presence of soft soil on 
the measured PGA.  The 1985 dataset on the other hand distinguished between soil and rock sites and also 
fault type, although only the latter is used in the model.   
 
Of secondary importance, but worth noting is the issue of reliability of the strong-motion parameters used 
in these datasets.  Due to the large body of research carried out since 1985, many of the magnitude, 
distance and acceleration parameters assigned to records in the PML databases have been superseded by 
more rigorous processing and assessment of these records. A final observation applicable to both the 1982 
and 1985 equations is the dependence of the predicted accelerations on the functional form used for the 
regression.  Use of a non-magnitude dependent functional form for regression of the same databases led to 
notable differences in the predicted accelerations. 
 
Comparison with PGA attenuation equations for stable continental regions 
Johnston et al. [1] defined nine SCRs, which occupy approximately two thirds of all continental crust but 
only account for about 0.25% if the total global seismic moment release rate.  The UK lies within the SCR 



of North and Northwest Europe.  It is generally assumed that ground motions in SCRs are fundamentally 
different from those from plate boundaries and zones of active deformation primarily in terms of lower 
rates of attenuation with distance due to the crust within an SCR being less fractured.  This assumption is 
the principal reason for the ineligibility of the PML datasets described above to seismic hazard in the UK.  
Seventeen attenuation relationships derived for SCRs using either empirical or stochastic data were 
reviewed, and six of these (Dahle et al. [4], Free [5] for SCRs worldwide and for NW Europe only, Smit 
[6], Atkinson & Boore [7] and Toro et al. [8]) were compared to the PML relationships (see Figure 2).  
Empirical adjustments (themselves carrying considerable uncertainty) were made for units of PGA; for the 
treatment of the two horizontal components; for the magnitude scales and for the distance definition.  The 
general trend in Figure 2 suggests that the PML relationships are unconservative, particularly at very short 
distances.  However, there is a considerable divergence in these results, indicative of the difficulties in 
constraining the nature of strong-ground motion scaling and in regions for which there is very sparse data.  
In itself, this uncertainty, and the rapid evolution of strong-motion seismology, supports a timely revision 
of the PML relationships for use in the UK which have not been updated in more than 15 years of very 
significant development in this field.   
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Figure 2: Comparison of predicted PGA for MS=5 and hypocentral depth, h = 5km 

Comparison of the PML relationships with measured SCR data 
The PML relationships have been compared to a dataset of measured PGA values recorded in stable-
continental regions world wide in order to ascertain the significant of the discrepancy between the tectonic 
environment of the PML datasets and of the region (the UK) for which the relationships were intended.  A 
limited dataset of 77 records from rock sites from Australia, Northwest Europe, the UK and Eastern North 
America was used. Figure 3 shows the results of this comparison.  A reasonable high scatter of up to a 
factor of 20 times greater or smaller was found.  However, it should be noted that many of the larger 
deviations were for records at very large distances and very low peak ground accelerations.  Examination 
of the residuals between the measured and predicted PGA values indicated that both the magnitude 
scaling and the attenuation with distance of SCR PGA data are not well represented by the PML 
equations.  In consequence there is an overall trend of over-prediction of PGA at smaller amplitudes and 
under-prediction at larger amplitudes, and the relationships therefore appear to be unconservative for 



ground motion amplitudes of engineering significance.  Regional subsets, including the northwest 
European data showed similar trends. 
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Figure 3: Comparison of PGA values predicted using PML relationships and measured SCR data. 
NWE – Northwest Europe; ENA – Eastern North America 

Spectral Equations  
The 1988 PML study [9] specifically defined response spectra for use at UK sites.  These were derived 
empirically from a database of more than 230 accelerograms from around the world.  Equations were 
developed for the 5%-damped pseudo-velocity response at frequencies between 1 and 40 Hz as a function 
of surface-wave magnitude and hypocentral distance (applied uniformally in this study) for three different 
site classes (see discussion below).  The equation derived by PML (1988) for spectral accelerations at 5% 
damping takes the functional form: 
 

( ) hS dCMCCPGAorPSV lnln 210 −+=        (4) 

 
where the coefficients C0 to C2 and the standard deviations are frequency dependent. 
 
Records from the earthquakes of magnitudes between 3MS and 7MS and of crustal events with focal 
depths less than 30km were used for the 1988 PML database.  No limit was placed on distance, which 
extend to several hundreds of kilometres.  A significant difference between this database and the earlier 
PML databases was a reduction in data from known inter-plate boundaries, particularly western USA.  
Fault mechanism was not included in the model. 
 
Fifteen empirical and stochastic attenuation relationships for spectral ordinates were reviewed, and four of 
these (Dahle et al. [4], Atkinson and Boore [7], Free [5] for SCRs worldwide and Toro et al. [8]) were 
compared directly with PML [9].  The comparison was affected in the same manner as for PGA.  Figure 4 
presents a sample of this comparison, by considering the results of an earthquake scenario with 
hypocentral distance of 15km and surface wave magnitude of 6MS. 



Ms = 6.0, dh = 15km
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Figure 4: Comparison of SCR Response Spectra for Various Attenuation Relationships 

The PML spectral ordinates were found to be lower than those from all of the other relationships except 
for smaller magnitudes (4.5MS) for which they were greater than those obtained from the relationships of 
Dahle et al. [10].  The difference between the PML ordinates and those from the other relationships was 
found to increase at higher frequencies. 
 
Thirteen stable continental region (SCR) records from nine earthquakes were selected for the purpose of 
comparing measured spectral accelerations with those predicted by the 1988 PML study.  The comparison 
showed, contrary to what is implied in Figure 4, that PML almost universally over-predicted the spectral 
response, particularly for UK records that had smaller accelerations.  The over-prediction of longer period 
spectral ordinates by PML, which was based on data primarily not from SCRs, would be consistent with 
earthquakes in SCRs producing a greater amount of high-frequency radiation as a result of higher stress 
drops. 
 
Site classification 
The 1985 and 1988 PML studies [3][9] initiated the UK nuclear industry standard practice of classifying 
sites as ‘hard’, ‘medium’ or ‘soft’.  This crude system defined ‘hard’ as either a hard or soft rock site, 
‘medium’ as a site with a thick layer of soil above rock and soft as a site where the depth of soil deposits is 
greater than 20m.  To investigate this issue a series of one dimensional site response analyses were carried 
out using the program SIREN [11], using the hard site response as the input.  Four sites were modelled.  
One of the sites would be classified as being soft, two medium and the last hard respectively.  Three time 
histories recorded on rock sites, which are appropriate to UK conditions, were used for the analyses.  For 
each site the resulting mean spectral amplification ratio from bedrock for these three inputs has been 
calculated.  The spectral ratios were then multiplied by the 1988 PML ‘hard’ spectra for 5.5MS and dh = 
10km, which is equivalent to the bedrock spectra.  These studies indicated: 
• The ‘soft’ attenuation relationship significantly overestimates the surface response spectrum for the 

soft sites.  
• The ‘medium’ attenuation relationship under-predicts the surface response spectra for two medium 

sites. 
• A thin soil layer can have an impact on seismic ground motions at a hard site, especially at the natural 

frequency of the soil layer. 



These results are indicative and different site conditions will generate different results.  However, it is 
clear that the use of explicit site response analyses from bedrock may be more appropriate than using the 
‘medium’ or ‘soft’ attenuation relationships. 
 

STABLE CONTINENTAL REGION DATA 
 
Intensity 
The intensity distribution for any given earthquake provides a useful measure of an earthquake’s 
attenuation characteristics.  As part of the study, isoseismal maps from Arup [12], British Geological 
Survey, Johnston et al. [1], Hanks and Johnston [13] and McCue [14] have been compared for 
earthquakes in the UK and other SCRs, (North West Europe, Eastern North America, Australia and South 
East China).  The intent was to differentiate SCRs to indicate which have similar geological (and therefore 
attenuation) characteristics to the UK.  This would then allow selection of appropriate earthquake data 
from similar regions and hence use these data to derive new attenuation relations for the UK.   
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Figure 5 - Comparison of Isoseismal Data. (The solid line is from all SCR data and dashed line is 
from using only the UK data) 

Figure 5 shows correlations between the area within isoseimal IV and MS magnitude for several regions 
and a best fit line for all the SCR data and just the UK data.  This shows that the intensity data for Eastern 
North America, Australia and South East China are considerably different to the UK and North West 
Europe.  It also suggests that the attenuation characteristics in SCRs may be different for larger 
earthquakes, say greater than magnitude 5.5MS compared to earthquakes less than magnitude 5.5MS. 
 
Strong-Motion Data  
There are far fewer strong-motion recordings from SCRs than from active tectonic regions because of two 
main reasons. Firstly, SCRs have a much lower seismicity rate than active tectonic regions and secondly 
because strong-motion networks in SCRs are generally much sparser and have been established for a 
shorter time than those in active tectonic regions. The SCRs with reasonably expansive strong-motion 



networks are eastern North America and Australia. Small strong-motion networks in SCRs have also been 
established in Norway, Germany, the UK (established in the early 1990s) and India. 
 
The available strong-motion data from SCRs is dominated by records from low magnitude earthquakes, 
the ground motions from which are unlikely to be of engineering significance. It is difficult to use these 
data to make valid estimations of the expected ground motions from moderate and large magnitude 
earthquakes because of possible differences in the scaling of ground motions with magnitude between 
small and large magnitude earthquakes and different decay rates for different sized earthquakes. 
 
Data used in this study 
Data from the SCRs identified by Johnson et al. [1] was collected. Most of the data used for this study was 
collected by Free [5]. This set was supplemented with recent data from the UK. Moment magnitude (Mw) 
was used to characterise the size of the earthquake source. Only a few earthquakes within the set have an 
Mw estimate, for example from Harvard CMT, because of their small size so magnitudes from other scales 
(usually ML) were converted to Mw using conversion formulae. A lower magnitude limit of 3 was imposed 
to exclude data from earthquakes that are likely to be associated with large uncertainties in their size and 
location and because ground motions from such small earthquakes are likely to be of no engineering 
significance. Also excluded were recordings made in multi-storey buildings, on or in dams or on bridges. 
In total 163 records satisfying the criteria were collected and processed. Most of these records (78, 49%) 
are from eastern North America; 61 (37%) are from north-west Europe (this includes 6 from the UK) and 
24 (15%) are from Australia. The magnitude range of data used is 3 to 6.8 but most are from Mw<5.5. 
 
Earthquake locations were taken from special studies of mainshocks or aftershock sequences, ISC/NEIC 
determinations and local network determinations. Epicentral distance was used for almost all the data. 
Only for the records from the Nahanni 1985 earthquake (Mw=6.8) was there sufficient information on the 
location of the earthquake rupture plane to calculate distances to the surface projection of rupture, which 
are used for this earthquake. Since most of the other records were from small and moderate earthquakes 
(Mw<5.5) the use of epicentral distance is justified since the rupture planes of such earthquakes are likely 
to be only a few kilometres in size. The distance range of records used is 0 to 854km. There was a distinct 
lack of data from within 10km of earthquakes with Mw>5. 
 
Local site conditions at strong-motion stations are often very limited and sometimes are lacking entirely. 
For this study, the classification of Boore et al. [15], i.e. very soft soil (Vs,30<180m/s), soft soil 
(180=Vs,30<360m/s), stiff soil (360=Vs,30<750m/s) and rock (Vs,30=750m/s), was used to classify the 
stations. Usually this was done using descriptions of the local site conditions owing to the un-availability 
of measurements of the near-surface velocities. The distribution of records with respect to site 
classification is: very soft soil (0, 0%), soft soil (1, 0.6%), stiff soil (34, 21%) and rock (93, 57%). Site 
conditions for 35 records (21%) are unknown. 
 
Only good quality strong-motion data was retained. These time-histories were then individual processed 
by bandpass Butterworth filtering the records with a high frequency cut-off of 25Hz. The low frequency 
cut-off was selected by an examining the ratio of the signal to the pre-event noise and the integrated 
velocity and displacement traces.  No instrument correction was applied because of the lack of instrument 
characteristics for some records. 
 
Prediction of SCR Data with Empirical Equations 
The possibility of deriving reliable empirical equations relating PGA to predictive variables of magnitude 
and distance from empirical SCR data is discussed in this section. Equations predicting spectral 
acceleration were also investigated but are not discussed in this paper due to a lack of space. Regression 



analysis was conducted using six mathematical models (functional forms) and the following four 
regression methods: 
• One-stage ordinary (least squares) regression 
• Two-stage ordinary regression (two methods: Joyner & Boore [16] and Joyner & Boore [17]) 
• Maximum-likelihood regression (Joyner & Boore [18]). 
 
The use of different functional forms has a significant influence on the predicted PGA, which varies 
between 2.1 m/s2 and 5.1 m/s2 for a 5Mw event at 5 km (Figure 6). Conducting regression for only rock 
sites generally reduced PGA, with predicted PGA varying between 1.9 m/s2 and 3.8 m/s2 for different 
functional forms for a 5Mw event at 5 km. Two of the more complex functional forms have a quadratic 
magnitude dependence term and became unreliable for events greater than about 5.5Mw as they predicted 
decreasing PGA with increasing magnitude, because there was insufficient higher magnitude data to 
constrain them adequately. 

 
Figure 6 - Attenuation of Horizontal PGA for Different Functional Forms and Maximum 

Likelihood Regression, all Site Classes. 
 
The different regression methods predict similar PGA, with differences of less than 5% for a 5Mw event at 
5 km for regression conducted using all records. Differences between methods were more evident for 
analysis conducted with only rock sites, with PGA predictions varying by up to 63% for a 5Mw event at 
5km. All regression methods produced physically permissible results. However, the one stage regression 
method does not allow for the correlation between magnitude and distance in the used dataset, which can 
significantly affect the determination of the distance dependence. Two stage methods are capable of 
making this distinction, but ignore records from earthquakes that are only recorded by single stations in 
the second stage. As 25% of the data set is from earthquakes recorded by only a single station, the 
maximum likelihood regression method was found to be best suited to this application (Spudich et al. 
[20]).  
 
A comparison was made between the PGA estimations of PML [3] and the new relations using a simple 
functional form and maximum-likelihood regression. The relationship between Mw and Ms derived by Free 



[5] was used to convert Ms used by PML to Mw. The most noticeable difference is that the new equations 
show a greater dependence on magnitude than PML [3]. PGA estimates from the new equation are 
generally within about ±40% of PML predictions for 5Mw events. For 6Mw events, PGA estimates from 
the new equation are greater for distances less than 100 km with differences up to about 170% at 10 km. 
 
Comparison of the residuals shows that the new equation generally under predicts the PGA of records 
from the SCRs of North America and Australia, while those from the UK and Europe are marginally over 
predicted (Figure 7). There are no trends in the residuals with respect to amplitude, distance, magnitude or 
fault mechanism for the full data set.  

 

Figure 7 – Residuals of PGA Equation for Different Stable Continental Regions, Maximum 
Likelihood Regression (Horizontal bars indicate mean and +/- one standard deviation)  

In general the standard deviation (SD), and hence the uncertainty associated with, the PGA prediction 
equations presented here is significantly greater than that of previously published equations. The 
uncertainty is expressed as a factor of one SD above the median and therefore equal to 10SD. The average 
uncertainty of equations using only rock records is 3.1 and equations using all records have an average 
uncertainty of 3.9. However, the SD is comparable with other equations derived using SCR data sets 
(Free, [5]). Causes of large SD include: 
• Few records from close and large magnitude earthquakes in the data set. Such strong-motion records 

have been shown to be less variable than those from the intermediate- and far-field of small and 
moderate magnitude earthquakes, such as compose most of the dataset used here (e.g. Youngs et al. 
[21]; Douglas & Smit [22]). 

• Use of data from different regions with different source and path characteristics because of the 
combination of data from different SCRs. This combination was required so as to obtain a set of data 
with a significantly large number of records. 

• Use of data from small magnitude earthquakes, which are probably associated with higher 
uncertainty in terms of location and magnitude because these earthquakes have not been as well 
studied as damaging larger magnitude earthquakes, and also because there is a lack of data with high 
signal-to-noise ratio from which relocations can be made. 



The large standard deviation leads to significantly greater 84% percentile accelerations than the median 
value predicted by the attenuation equations. The high level of uncertainty means that the new equations 
are not recommended for practical use and that further ways to reduce the uncertainty are required. 

 
STOCHASTIC MODELLING 

 
Parameters for UK Equations 
To estimate ground motion using the stochastic method, ranges of seismic moment (M0) and the Brune 
stress drop (∆σ) must be defined. To do this, vertical Lg-wave displacement spectra from 25 crustal 
earthquakes (1.2 < ML < 4.7) were modelled in order to determine the source parameters. 1.2 ML is about 
the smallest magnitude for which the signal-to-noise ratio is high enough for the signal spectra to be 
modelled. The largest earthquake in the dataset (Dudley 2002) is also the largest ever recorded in the UK 
for which there are on-scale recordings over a range of distances.  
 
The low frequency spectral level (Ω0) and the corner frequency (fc) of the source spectra were estimated 
using an automated spectral fitting algorithm (Ottemöller [23]). Group velocities of 3.6 and 3.0 km/s were 
used to define the time window for Lg. Following the transformation into the frequency domain, the 
spectra were corrected for the instrument response and a high pass filter starting at 0.1 to 0.25 Hz 
(depending on the magnitude of the earthquake) was applied.  
 
Synthetic spectra were calculated using the ω-2 point source model presented by Brune [24]. It was not 
necessary to consider a finite rupture model since the effects of finiteness were not observed in the data. 
For geometrical spreading, the transition from spherical to cylindrical spreading was set at 100 km (after 
Hermann [25]). Lacking a UK-specific anelastic attenuation model, we adopted a relation determined for 
Scandinavia by Kvamme [26]: Q = 440f0.7, where Q is the quality factor. The exponential function 
proposed by Anderson [27] to account for the effects of  near-surface  attenuation  at  high  frequencies (e-

πκf, where κ is attenuation) was also used here. Because little is known about site effects at stations in the 
UK seismic network, κ = 0.02 s (which is appropriate for firm rock sites) was assumed at all stations.  
 
By minimising an objective error function, the best fit between the observed and synthetic spectra was 
found using a converging grid search. The results are summarised in Table 1. Although the theoretical 
spectra generally fit the data well, the corner frequencies are not well constrained because of the strong 
trade-off with κ. The effect is particularly strong for the smaller earthquakes, The uncertainties on Ω0 are 
smaller and lead to uncertainties of between 0.1 and 0.25 units in MW.  The combined uncertainties for fc 

and Ω0 lead to poorly constrained estimates of ∆σ which, when the standard deviations on the mean are 
included, range from about 0 to 70 bar. 
 
Trade-offs in Simulations  
Stochastic simulations using SMSIM (Boore, [28][29]) were carried out for magnitude 5 and magnitude 6 
events at depths of 5, 15 and 30 km. PGA and SA at 1, 2, 5, 10 and 20 Hz for 5% damping were computed 
for epicentral distances of 10, 25, 50, 75 and 100 km. The essence of the method is to superimpose a 
random phase spectrum on a deterministic amplitude spectrum calibrated to represent UK conditions, 
using a simple single-corner ω2 spectral shape. 
 
Calibration of the simulations 
The parameters necessary for the computation of the target amplitude spectrum are summarized in Table 2 
and can be divided into fixed and variable parameters. Fixed parameters are those that are kept constant 
for all the simulations. They include crustal parameters in the Brune scaling model, geometrical spreading 
and whole-path attenuation. On the other hand, ∆σ and κ have to be considered as variable parameters due 



to the impossibility of defining a single UK specific value, since several combinations fit available 
empirical data equally well. The ranges chosen for the simulations (∆σ varying from 10 to 150 bars in 
steps of 10 bars, and κ taking values of 0.005 s, 0.015 s and 0.025 s) were chosen to cover all physically 
admissible combinations in accordance with the information gathered in the previous section. The 
motions computed are ground motions on competent bedrock, i.e. no amplification function was included. 
 

Table 1: The Average Earthquake Source Parameters Determined from the Spectral Modelling.  (N 
is the number of observations contributing to the average source parameters and σ is the standard 

deviation on the mean values). 

Date Lat  
(°N) 

Long  
(°E) 

h  
(km) 

ML Ω0 MW σ fc ∆σ  
(bar) 

σ N 

03-04-98 55.013 -3.168 6.9 1.2 1.07 1.7 0.15 8.71 0.6 0.4 3 
03-09-99 55.391 -3.531 5.0 2.1 1.05 2.0 0.17 11.96 7.0 8.9 14 
23-09-02 52.522 -2.136 9.3 2.7 1.96 2.0 0.13 8.59 22.0 20.1 7 
17-06-99 52.116 -2.465 5.0 2.8 1.55 2.4 0.11 12.76 28.0 19.2 11 
12-05-94 52.041 -1.771 5.0 2.8 2.29 3.0 0.11 4.93 11.5 11.1 21 
17-03-94 52.796 -3.263 5.0 2.8 2.21 2.9 0.19 6.88 21.2 10.6 16 
10-10-01 51.715 -2.727 5.0 2.9 2.10 2.8 0.16 5.07 19.1 21.6 20 
01-09-99 53.371 -4.321 5.0 3.0 2.11 2.8 0.14 8.14 30.0 29.7 13 
31-05-01 50.931 -4.810 26.4 3.0 2.48 3.3 0.17 4.12 18.6 15.2 20 
17-08-94 57.417 -5.575 5.0 3.0 2.08 2.8 0.12 4.03 3.5 1.9 8 
12-02-02 51.704 -3.273 2.2 3.0 2.11 2.7 0.21 5.33 13.0 14.7 14 
22-10-02 53.473 -2.146 4.2 3.1 2.33 2.9 0.14 3.82 4.4 3.3 23 
24-10-02 53.491 -2.207 3.7 3.1 2.53 3.1 0.17 2.75 2.6 2.8 24 
21-10-02 53.476 -2.214 2.5 3.2 2.59 3.1 0.23 3.18 4.5 3.8 11 
07-03-96 52.594 -2.801 5.0 3.2 2.47 3.1 0.21 4.17 12.3 11.6 17 
13-05-01 55.131 -3.782 15.0 3.2 2.32 2.9 0.19 6.49 20.1 24.1 21 
25-10-99 52.157 -3.189 5.0 3.3 2.51 3.1 0.11 6.44 38.6 31.9 20 
10-11-96 50.235 -5.504 5.0 3.5 2.59 3.2 0.18 3.94 11.8 9.2 24 
15-02-94 52.837 0.854 5.0 3.7 2.93 3.5 0.17 2.03 3.8 2.1 20 
21-10-02 53.475 -2.199 2.8 3.8 3.08 3.5 0.12 2.28 5.7 1.1 4 
21-10-02 53.473 -2.204 1.1 3.9 3.10 3.5 0.10 2.20 5.5 2.3 9 
04-03-99 55.397 -5.241 19.0 4.0 2.60 3.2 0.13 5.14 29.7 26.4 28 
23-09-00 52.042 -1.772 5.0 4.1 2.64 3.3 0.19 4.43 23.1 20.1 33 
28-10-01 52.846 -0.856 11.6 4.1 2.94 3.5 0.13 3.58 25.9 21.2 24 
22-09-02 52.517 -2.147 15.0 4.7 3.91 4.2 0.13 1.19 11.8 12.0 27 

 
Results and conclusions 
For magnitudes and distances where UK data is virtually absent from the empirical database, simulations 
using parameters determined to represent more specifically UK conditions provide results that are 
consistently lower than empirical regressions based on data recorded predominantly in SCRs other than 
the UK. This indicates that these empirical regressions are likely to overestimate UK ground motions. 
However, the present lack of constraint on some of the input parameters of the stochastic model, in 
particular. ∆σ and κ , results in a large scatter for the predicted ground motions. Therefore it is not yet 
possible to derive meaningful attenuation relationships for the UK based on stochastic simulations. 
Relationships having a quality comparable to those derived for other SCRs using a similar methodology 
would require additional UK-specific studies.  In particular, more insight into the physical properties of 
UK crust, both shallow and at depth would be required in order to define a generic, UK-specific crustal 



profile for use in stochastic simulations, and to provide a UK specific attenuation model which would 
improve the constraint of parameters such as ∆σ and κ. The model resulting from these crustal studies 
should then be compared to empirical data from both the UK and North-West Europe and “fine-tuned” by 
simultaneously varying all key parameters (determined by means of a sensitivity study) until a best-fit 
result is obtained. Although this represents a considerable computational effort, this work seems 
unavoidable if the results of the stochastic simulations are to be both physically meaningful and 
representative of UK conditions. 

Table 2 – Input Parameters for Stochastic Simulations 

SOURCE PATH SITE 
Crustal model: 
βs = 3.6 km.s-1 

ρs = 2.7 g.cm-3 
Whole-path attenuation: 
Q(f) = 440*f 0.7 
(Kvamme et al., [26]) 

No amplification 

Spectral shape: 
single-corner ω2-model  
(Brune, [24]) 
∆σ = 10 to 150 bars, step = 10 bars 

Geometrical spreading: 
R-1 up to 70 km 
constant from 70 to 130 km 
R-0.5 beyond 130 km 
(Atkinson and Boore, [7]) 

Diminution: 
κ = 0.005,  0.015 and 0.025 s 
fmax = 100 Hz 

 
DISCUSSIONS AND CONCLUSIONS 

 
A thorough review of the PML attenuation equations has identified them as the product of rigorous and 
scientifically robust studies and the equations can therefore be considered as useful and reliable input to 
the seismic hazard studies for which they have been employed. Some of the independent parameters in the 
strong-motion database used to derive the equations, particularly source-to-site distances and earthquake 
magnitudes, have subsequently been revised (an issue not discussed in this brief paper) but these minor 
changes in no way invalidate the PML equations. This study has demonstrated, however, that in addition 
to the large aleatory variability associated with these equations – represented by the logarithmic standard 
deviations – there is also significant epistemic uncertainty in the ground-motion predictions represented 
by the differences in the median values of equally acceptable models. An indication of the epistemic 
uncertainty is the significant difference in the models obtained using exactly the same PML data with an 
alternative functional form for the regression equation. This immediately suggests that perhaps the issue 
needs to be re-stated from the original objective of evaluating the PML equations with the possible 
outcome of replacing them with new or updated alternatives. The new objective of the study then becomes 
the identification of the ranges of ground-motion predictions that are feasible for the UK – in order to 
capture the epistemic uncertainty – and at the same time the use of whatever data is available to rank the 
competing models in terms of their likelihood of representing the best estimate for UK conditions. All of 
this inevitably implies that PSHAs for UK sites must adopt a logic-tree approach, with sufficient branches 
to capture the range of potentially applicable ground-motion models.  
 
Since the PML equations were derived from empirical datasets that were almost entirely from active 
crustal regions, this study has explored the scope for developing new empirical equations from SCR 
strong-motion data. A databank of 163 records was compiled, but found to be inadequately distributed 
with respect to magnitude, distance and site classification to allow the derivation of well-constrained 
equations. The data can be used, however, to evaluate the applicability of the PML and other equations. 
Before doing so the similarities and differences amongst SCRs were explored, using both strong-motion 
data and macroseismic intensity observations. Systematic differences in the attenuation and absorption 
characteristics amongst different SCRs have been identified, further limiting the data that can be used to 
develop, or to evaluate, equations for the UK. The database of accelerograms from the UK remains very 



sparse and includes only very weak motions obtained at large distances from small magnitude 
earthquakes.  
 
Another avenue that has been explored in the study, in common with other SCRs with little or no 
empirical strong-motion data, is the use of the stochastic method to develop ground-motion prediction 
models. Results have been obtained but these carry very large uncertainty as a result of the difficulties in 
constraining the input parameters, and in particular the problems of trade-offs between geometric and 
anelastic attenuation, and between the stress parameter (∆σ) and kappa. However, this preliminary 
exploration has identified the studies that need to be carried out in order to provide better constraint on the 
input parameters and hence produce more reliable models.  
 
The results of the study are inconclusive in terms of producing new equations that could be used to 
replace the existing PML equations. However, the results of new regressions on the PML data set and the 
revision of associated parameters for the PML records, together with the comparative studies using 
equations and data from other SCRs, all provide useful guidance as to the range of epistemic uncertainty 
that needs to be captured in ground-motion models used for PSHA in the UK. Similarly the results 
obtained using feasible combinations of source, path and site parameters for the stochastic models provide 
additional insight into the possible ranges of strong-ground motion from significant UK earthquakes. 
Future seismic hazard assessments in the UK should be adapted to capture both the aleatory and epistemic 
uncertainty in ground-motion predictions. 
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