
Final Report on: “WP2 - Impacts of Seismicity: 
Transmission to People, Property and Well Integrity”

A Technical Report commissioned by the Oil and Gas Authority (OGA)

PROJECT: OGA Scientific and Engineering Analysis of the Preston New 
Road 1z (PNR-1z) Data—Updated to Account for PNR-2 Data

Benjamin Edwards PhD FHEA FGS ( Ltd.)

Helen Crowley PhD (Independent Consultant)
Rui Pinho PhD (Independent Consultant)

Independent Expert Review
Julian Bommer PhD CEng FICE (Bommer Consulting Ltd.)

Report Number: ISEIS-HC-RP-JJB-OGA_WP2-8 22-07-2020

Version History

Version Date Author(s) Reviewer(s)
8 (PNR-2 Final) 22-07-2020 Edwards, Crowley, Pinho OGA, Bommer
7 (PNR-2 Submitted) 01-06-2020 Edwards, Crowley, Pinho Bommer
6 (PNR-2 Draft) 23-05-2020 Edwards, Crowley, Pinho Bommer
5 (PNR-2 Early Draft) 15-05-2020 Edwards, Crowley, Pinho
4 (Revised) 29-10-2019 Edwards, Crowley, Pinho OGA, Bommer
3 (Submitted) 26-09-2019 Edwards, Crowley, Pinho Bommer
2 (Final Draft) 23-09-2019 Edwards, Crowley, Pinho Bommer
1 (Draft) 27-08-2019 Edwards, Crowley, Pinho Bommer
0 (Early Draft) 19-08-2019 Edwards, Crowley, Pinho



[Blank Page]



ISEIS-HC-RP-JJB-OGA_WP2 WP2 - Impacts of Seismicity: Transmission
to People, Property and Well Integrity

Foreword to the PNR-2 Update
The current version of this report is an update to Version 4 (29-10-2019), which was publicly 
released by the Oil and Gas Authority (OGA) in November, 2019. Version 4 was presented 
alongside reports from four other work-packages in the project and an interim summary report 
by the OGA. It focussed on ground motion data collected during hydraulic fracturing of the 
first well (PNR-1z) at Preston New Road. The PNR-1z dataset included a series of earthquake 
events up to ML. 1.5, one unit above the ‘red-light’ threshold of ML 0.5, that occurred before 
hydraulic fracturing was temporarily suspended.

Operations resumed at Preston New Road in summer 2019, and led to the largest recorded 
hydraulic fracturing earthquake in the UK, a Ml  2.9 event on 26th August. The Ml  2.9 
earthquake was felt widely by the local population and was accompanied by reports of minor 
cosmetic damage, such as cracked plasterwork. In early January 2020, the OGA requested that 
the analyses undertaken on the PNR-1z ground motion dataset be extended to account for the 
new, larger magnitude earthquake data from PNR-2. This revised report addresses that request, 
using data from both PNR-1z and PNR-2, and making direct comparison between the reported 
effects and modelled damage for the largest event. 

Executive Summary
Cuadrilla Resources began hydraulic fracturing at Preston North Road (PNR), Lancashire, in 
October 2018. By the end of the operation in December 2018 the British Geological Survey 
(BGS) had detected 57 seismic events on a dense network of seismometers at the surface. The 
magnitude of these detected events was small (-0.8 ≤ ML ≤ 1.5), with the largest two (ML 1.1 
and 1.5) reported by the BGS as European Macroseismic Intensity (EMS-98) II (scarcely felt: 
felt only by very few people at rest in houses). On completion of the operations at PNR-1z, the 
Oil and Gas Authority (the regulator) initially commissioned a series of scientific and 
engineering studies on the data collected. The work scope was later expanded to account for 
new data from a subsequent well, PNR-2, adjacent to the first. During this second operational 
phase, a further 135 events (-1.7 ≤ ML ≤ 2.9) were detected by the BGS. The largest ML 2.9 
event was assigned EMS-98 intensity VI by the BGS, with reports of minor cosmetic damage 
to structures. 

This report documents the investigations for Work Package 2 of the analyses commissioned by 
the OGA and aims to investigate the induced seismicity at PNR and potential impacts of 
hypothetical future events. The report comprises four main sections. Section 2 provides readers 
with an overview of several important topics that are of relevance to induced seismicity at PNR 
and the analysis documented later in this report. Section 3 documents site characterisation work 
undertaken in the surrounding region and later used for interpretation of recorded ground 
motion data and for development of scenario calculations. Section 4 provides an analysis of 
the recordings of the 57 detected earthquake events during hydraulic fracturing of well PNR-
1z and a further 135 earthquakes detected during hydraulic fracturing of well PNR-2, focussing 
in particular on the performance of predictive models. The combined datasets are then used to 
calibrate a predictive model, providing a unique PNR-specific ground motion prediction 
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equation (GMPE). Section 5 then uses these predictive models to determine hypothetical 
earthquake scenarios at PNR in terms of ground shaking and macroseismic intensity. A Ml  2.9 
scenario is compared directly with the reported effects of the 26th August event. Finally, using 
these scenario calculations a risk analysis is undertaken, determining the exposure of people 
and impact on buildings at the surface in addition to the well itself. 

Site Characterisation and Ground Motion Amplification
The shear-wave velocity of near surface geological deposits is a reliable proxy for ‘site-
amplification’ effects. These amplification effects can lead to significant spatial differences in 
the levels of shaking from one earthquake and are often correlated with regions of high 
macroseismic intensity and damage due to large earthquakes. Through multi-channel analysis 
of surface wave (MASW) experiments our site investigation work shows that the region around 
PNR is characterised by sediments of low shear-wave velocity (as low as 

 

180 m/s at the surface 
increasing, in some cases, to 400 m/s at depths of about 30 m). Three main geological regions 
were classified, those with superficial deposits of (i) blown-sand, (ii) till and (iii) alluvium. The 
blown sand deposits, which extend over much of the coastal areas of Blackpool and Lytham 
St. Annes, lead to the lowest velocity sites, with a measured 30 m average shear-wave velocity 
(Vs30) of around 200 m/s. The site characterised by till deposits showed the highest measured 
Vs30, at around 260 m/s. The site with alluvial and peat deposits had measured Vs30 = 240 m/s. 
These values are all indicative of very low velocity and potentially strongly amplifying 
sediments. For reference, 

 

Vs30 values tend to lie between 180 - 360 m/s (soils), 380 - 760 m/s 
(very dense soil and ‘soft’ rock) and > 760 m/s (rock). The site conditions in the region around 
PNR therefore lead to significantly higher motions (e. g., up to 2 - 3 times higher for peak 
ground velocity, PGV, or more at the site’s fundamental resonance frequency) than would be 
experienced for the same earthquake on rock sites. Fortunately, the nature of these soils means 
that we also expect significant non-linear effects at high strain levels. As a result, for large 
magnitude earthquakes the soils do not behave linearly, which generally leads to lower 
amplification levels during strong shaking. 

In order to extend the measurements, horizontal to vertical spectral ratios (HVSR) have been 
calculated for each of the 26 surface seismic monitoring sites in the PNR region. HVSR offer 
an insight into the local amplification of seismic waves at these sites. In particular the 
fundamental resonance frequency of sites can be determined, and this in turn can be used to 
estimate Vs30. We find that sites characterised by surface deposits of alluvium or blown sand 
consistently show low Vs30, with an average of 190 m/s (consistent with the measured value of 
200 m/s at site L009) and limited variability. Sites located on surface peat deposits show the 
highest average Vs30 (although still low) of around 250 m/s, which is consistent with the 
measured value of 240 m/s at site L003. Finally, sites located on till show a wide variety of 
fundamental resonance frequencies, and therefore estimated Vs30. Nevertheless, the average, 
230 m/s, is not significantly different to that measured at site L001 (260 m/s). Based on these 
observations we present a gridded Vs30 map for use in the ground motion predictions and 
subsequent risk calculations. 

ii



WP2 - Impacts of Seismicity: Transmission
to People, Property and Well Integrity

ISEIS-HC-RP-JJB-OGA_WP2

Recorded Ground Motion Data and Predictive Model Performance
The recorded ground motion data from 57 earthquakes detected during hydraulic fracturing at 
PNR-lz and 135 events at PNR-2 have been processed, visually inspected and compared to 
predictions from two GMPEs developed specifically for induced seismicity (Atkinson, 2015 
and Douglas et al., 2013). In general, GMPEs require moment magnitude as input, and these 
models are no exception. To determine moment magnitude for the PNR events we tested two 
models that convert the available local magnitudes to moment magnitudes: an empirical model 
developed for European earthquakes (Grünthal et al., 2009), which has been shown to perform 
well against UK tectonic earthquakes (Rietbrock and Edwards, 2019); and an empirical-
theoretical model developed for induced seismic events in St. Gallen, Switzerland (Edwards et 
al., 2015). We found that the combination of the Atkinson (2015) ground motion prediction 
equation (GMPE) and the Edwards et al. (2015) magnitude conversion led to better predictions, 
apart from an under-prediction at very short epicentral distances (Repi < 3 km) and for the 
smallest (ML < 0) earthquakes. Cuadrilla Resources published an empirical magnitude 
conversion equation based on the PNR-1z data that was almost identical to that of Edwards et 
al. (2015), confirming it as a good choice in this case. Based on the fit to the data and other 
considerations, we proposed a transition between the induced earthquake magnitude 
conversion (valid for ML ≤ 1.5) and that of Grünthal et al. (2009) for ML > 2.5. 

In order to improve the predictive ground motion model, we develop a PNR-specific 
adjustment to the Atkinson (2015) GMPE using a mixed-effects regression technique applied 
to the recorded seismic data. This is achieved through calibration of the existing model’s 
coefficients, while retaining its functional form. The calibrated model leads to unbiased 
predictions for the recorded data throughout the range of distance and magnitude of interest, 
while retaining the original model’s predictions for ML ≥ 4.5. A smooth transition between the 
‘data-controlled’ calibrated GMPE for ML ≤ 3.0 and the original ‘model-controlled’ GMPE 
for ML ≥ 4.5 is enforced to avoid jumps in predictions between the different model regimes. 

Scenarios for Risk Calculations
We propose hypothetical earthquake scenarios that are used in the remaining analyses, which 
aim to better understand the potential effects from larger induced earthquakes at the PNR site. 
These scenarios were proposed prior to the ML 2.9 event that occurred in August 2019, but 
this fact nevertheless does not alter the logic behind their choice. Five scenarios are 
hypothesised: ML 2.5, 3.0, 3.5, 4.0 and 4.5. Based on events that have already occurred at PNR 
and Preese Hall, in addition to general considerations of UK seismicity, we define the events 
on a sliding qualitative scale from ‘likely to happen’ (ML 2.5), to ‘may happen’ (Ml  3.5) and 
‘unlikely to happen’ (ML 4.5). It is important to note that no probabilities are assigned to these 
scenarios and they are purely representative of qualitative scenarios (‘likely’ through to 
‘unlikely’). For instance, while we consider it unlikely that a ML 4.5 event occurs at PNR, 
there is international precedent for hydraulic fracturing to lead to events of this magnitude 
(even if at a vanishingly small percentage of hydraulically fractured wells), and similar 
magnitude (and shallow) UK tectonic events have occurred in the past. It is, therefore, not 
possible to rule out the ML 4.5 scenario. Given the seismicity at PNR-2 in 2019 and with the 
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aim of direct comparison with the observed effects of these events, in the current version of the 
report we present a further two scenarios, based on the largest event magnitudes observed: ML
2.1 and 2.9. 

Using the PNR-specific adjustment of the Atkinson (2015) GMPE along with the Boore et al. 
(2014) non-linear site amplification model and the superficial geology based Vs30 map we 
predict PGV, peak ground acceleration (PGA) and spectral accelerations (SA) at ten oscillator 
periods (0.03 to 5 s) for the earthquake scenarios. In an initial analysis we use the PGV 
predictions to calculate the expected macroseismic intensity across the region. Using the 
median PGV predictions, we find median epicentral intensities reach IV for the 

 

ML 3.5 scenario 
and extend for roughly 5 km. In terms of the 84th-percentile PGV predictions (only 16% of 
motions are expected to exceed this level), we find that intensity V is reached at the epicentre 
(within approximately 1 — 2 km). In this case, PGV exceeds 1.5 cm/s, which is a rough 
threshold at which localised cosmetic (non-structural) damage may occur. For the largest 
scenario, ML 4.5, we predict median intensities of VI extending out to around 3 - 4 km from 
PNR. At the 84th-percentile PGV predictions (which, again, may only occur in isolated pockets, 
not over the whole region) we find that intensities of VII (EMS-98 scale: damaging) may occur 
out to about 1 km. 

Uncertainties in converting PGV to intensity are high, with roughly ± 1 unit at one standard 
deviation. In terms of providing a regional picture (median PGV) and potential localised effects 
(84th-percentile PGV) of the effect of induced seismicity these scenarios provide a useful 
insight. However, instead of providing intensity measures, a more thorough approach is to 
perform a risk analysis, considering the input ground motion and calculating the effect of this 
on buildings. For this purpose, 500 ground motion fields have been calculated for each 
earthquake scenario. Each of the ground motion fields is sampled from the full statistical model 
(as opposed to only using the median predictions or 84th-percentiles) and considers a spatially 
correlated ground motion field (nearby locations experience similarly higher- or lower-than- 
average motions). The result is a non-homogeneous distribution of predicted ground motions 
with statistical characteristics defined by the GMPEs. This means that in any one of the 500 
realisations for one earthquake magnitude, a particular location could experience median, or 
±1, 2 and up to 3 standard deviations from the median. 

Risk Calculations
Based on the various scenarios defined above, risk calculations are performed in a semi-
probabilistic framework. For each of the earthquake scenarios, the 500 randomly generated 
ground motion fields are used. Each is compared with probabilistic fragility curves for an 
inventory of structures in a 16 x 15 km region surrounding PNR. The resulting damage in 
terms of damage state (DS) levels (1-4, from minor/cosmetic through to heavy structural 
damage, respectively) and additionally chimney collapse is then calculated. Statistics are then 
calculated over the 500 realisations, and a mean and median level (in terms of the number and 
percentage of structures at each damage state) is calculated (Table E1). The difference between 
mean and median predictions gives an indication of the influence of outliers (i.e., particularly 
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high motions, well in excess of the median PGV) on the resulting damage. This could be 
indicative, for example, of a small built-up area being hit by particularly high (e.g., 95th-
percentile motions) for one or more of the 500 random ground motion realisations. 

We reflect on these results in light of the PNR-2 induced seismic events that occurred in August 
2019, with the largest reaching ML 2.9. The larger event lies between the ‘likely to happen’ 
(ML 2.5) to ‘may-happen’ (ML 3.5) qualitative descriptors used in this report. Median predicted 
PGV for an ML = 2.9 at the epicentre is 0.4 cm/s, which is just below the threshold of intensity 
IV (0.54 cm/s) according to Caprio et al. (2015). BGS assigned the event as intensity VI due, 
in part at least, to some reports of minor cosmetic damage (DS1). This intensity is unusual for 
an event of this magnitude (see, for instance, Section 4.1). The risk analyses performed here 
showed a median prediction (which has a 50% probability of not being exceeded) of 8 buildings 
with DS1 in this case. Nevertheless, variability in ground motion (which is taken into account 
in our analyses) means that a range of outcomes are possible for one magnitude scenario. Due 
to this, and the contribution of outlier events, a mean (which, as noted earlier, is more sensitive 
to outlier motions) of 52 of buildings at DS1 was calculated. This is consistent with reports 
made to the BGS. It is noted, however, that these ‘did-you-feel-it?’ reports are self-submitted 
online and therefore unverified. 

 

Finally, the impact of ground motions on the well itself are calculated. We find that the well 
can accommodate significant loading without the occurrence of damage. Two cases are looked 
at: (i) deformations induced by motions from a nearby earthquake and (ii) bending and shear 
stresses due to a fault traversing the well. In terms of induced ground strains, we find that the 
level of motion expected due to a ML 4.5 event would be unlikely to induce failure. Specifically, 
98.6% of realised motions from such an event would be lower than the threshold for damage. 
In terms of fault shearing, assuming a movement of 17 mm during the largest considered 
earthquake 

 

(Ml  4.5), we find that there is a critical length less than 0.075% of the production 
well length that is sensitive to this slip; the fault would have to cut through this precise region 
in order for the bending moment to overcome the well’s elastic flexural capacity, which again 
constitutes the threshold for damage, not necessarily failure, to occur. 

 

Table El. Mean and median number of buildings at each damage state within a 16 x 15 km grid around PNR for scenario 
events. See Section 2.6 for a description of damage states (DS) 1-4.  

Scenario 
(ML)

DS1 DS2 DS3 DS4 Chimney 
failure

Mean Median Mean Median Mean Median Mean Median Mean Median

2.1 0 0 0 0 0 0 0 0 0 0
2.5 4 0 0 0 0 0 0 0 0 0
2.9 52 8 5 0 1 0 0 0 <1 0
3 112 23 15 0 4 0 <1 0 2 0

3.5 740 405 181 29 58 1 16 0 31 4
4 2752 1996 1166 446 513 85 272 11 297 63

4.5 5541 5139 3043 2097 1660 733 1088 193 1003 393
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1. Introduction and Structure of Work Package
On 25 February 2019 the Oil and Gas Authority (OGA) announced that: 

“Cuadrilla recently completed hydraulic fracturing operations at Preston New Road [PNR]. As 
part of our normal responsibilities as one of the regulators of this industry, the OGA now plans 
to carry out a scientific analysis of the data gathered during these operations. It is not a review 
of the traffic light system. As is usual in these circumstances, the OGA will work with 
recognised and independent geologists and scientists with expertise in hydraulic fracturing 
operations to assess these data and will provide updates on our website as appropriate.” 

This report documents Work Package 2 (WP2) of this assessment, which aims to address the 
impacts of seismicity, including transmission to people and property, and impacts on well 
integrity. This includes assessment of ground motions that have been recorded at PNR during 
both hydraulic fracturing phases (PNR-1z in 2018 and PNR-2 in 2019) and that could occur 
under potential future induced earthquake scenarios. 

The report is split into four main sections. Section 2 introduces earthquake ground motions and 
their impacts, including a summary of their ground motion characteristics, and factors that 
influence these. An overview of how earthquake ground motions are predicted is then provided, 
followed by a review of how these ground motions can be related to macroseismic (felt) 
intensities. Section 2 ends by summarising the impact of ground motions on people and the 
built environment. Section 3 introduces the effect of subsurface site conditions on recorded 
ground motions and documents the in situ measurements and interpretation undertaken to 
characterise the ground conditions in the vicinity of the PNR site. Section 4 presents an analysis 
of data recorded during hydraulic fracturing at Preston New Road, including macroseismic 
observations and surface seismometer recordings. The performance of predictive models is 
then assessed in relation to these data and a PNR-specific adjustment is made to provide 
unbiased predictions. Section 5 looks into the impacts of hypothetical earthquake events at 
PNR. Potential earthquake scenarios are proposed for use in this section based on previous UK 
seismic events and the seismicity observed at PNR to the end of 2018 (i.e., completion of PNR-
1z). An assessment of the shaking levels predicted for these events is then undertaken, and 
based on this, their impact on the built environment and well integrity is determined. In 
addition, the model is used to predict damage expected for the ML 2.1 and 2.9 events observed 
during hydraulic fracturing of PNR-2. Direct comparisons are made with the reported 
intensities of the largest event. As part of this, an inventory of exposed structures near to the 
PNR site is developed. 

The first Preston New Road shale gas well (PNR-1z) was fracked over a 3-week period between 
15th October and 17th December 2018, with an extended period of inactivity during November 
due to operational issues. As part of their licence, Cuadrilla Resources operated within a 
‘Traffic Light System’ (TLS, Bommer el al. 2006). The TLS has been set by the UK 
government, based on a review after Preese Hall (Green et al., 2012), as a means to control 
induced seismicity. 
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Figure 1.1. Location of PNR site showing areas within 1,5,10 and 20 km. Inset: Located seismicity during hydraulic fracturing 
of PNR-1z. indicating TLS magnitude category (red, amber, green). 

The TLS defines three levels: green (normal operation), amber and red, with earthquake 
magnitudes ML = 0 and 0.5 triggering the amber and red levels, respectively. In the UK version 
of the TLS, the amber level triggers a higher level of monitoring and analysis, but otherwise 
no curtailment of operations. A ‘red light’ leads to a cessation of operations for 18 hours, during 
which a review of the earthquake event is undertaken. After reviewing the data, if the regulator 
(the OGA) is satisfied that seismicity is not of concern, the operator is permitted to reinstate 
well pressure after 18 hours. 

During the period 15th October to 17th December 57 seismic events (Figure 1.1, Table 1.1) were 
detected and located by the British Geological Survey (BGS) in real-time using seismic 
monitoring networks operated by Cuadrilla Resources, BGS themselves and the University of 
Liverpool (Figure 1.2). Earthquake magnitudes were assigned using the newly revised ML scale 
developed by the BGS (Luckett et al., 2018), which extended the existing UK-wide ML scale’s 
validity to distances less than 10-20 km. The majority of these events were classified as ‘green 
light’ events (i.e., ML < 0, as expected during typical operations). In terms of magnitude alone, 
17 fell into the ‘amber light’ category and 8 the ‘red light’ category (Ml  > 0.5) (Table 1.1). 
For the TLS agreed as part of the hydraulic fracture plan for PNR-1z (Cuadrilla Resources, 
2018) traffic light events are declared and reported (Cuadrilla Resources, 2019a) by the 
operator if there is active hydraulic fracturing ongoing at the time of the event. In addition,  
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significant trailing events (i.e., those falling in to the TLS ‘red light’ category are reported). 
The reason being that mitigating action can then be taken (pers. comm. OGA, 2019). Of the 17 
events detected by the BGS and falling into the range of ‘amber’ and ‘red light’ magnitudes, 
only six were during active injection, and therefore declared by the operator (Cuadrilla 
Resources, 2019a) as ‘pumping’ TLS events (3 ‘red light’ and 3 ‘amber light’). In addition, 
three further ‘red light’ events were declared as ‘trailing’ events, where seismicity occurs after 
injection has stopped. These were events on: 

• 27/10/2018 11:55:25 (ML 0.78)
• 04/11/2018 16:24:06 (ML 0.66)
• 11/12/2018 11:21:15 (ML 1.5)

Two events (one on 2018-10-24 at 13:02:29.3 and another on 2018-10-29 at 18:01:12.2) that 
exceed the ‘red light’ TLS magnitude threshold according to BGS assigned ML were not 
reported by the operator in the HFP report (Cuadrilla Resources, 2019a). This is due to 
rounding choice (pers. comm. OGA, 2019), with BGS using standard practice of single decimal 
place magnitude values (which may push a 0.45 event to 0.5). With magnitudes in the ‘amber 
light’ category (to two decimal places), these ‘non-pumping’ events did not require reporting. 

Figure 1.2. Map showing location (inset, zoom on epicentral region) of seismic monitoring stations (yellow: Cuadrilla; Green: 
University of Liverpool; Blue: BGS). Detected seismic events during hydraulic fracturing of PNR-1z are shown as in Figure 
1.1. Note PPV (peak particle velocity) stations are not used in this analysis due to concerns as to their reliability (Bommer and 
Edwards, 2018). 
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to People, Property and Well Integrity

Figure 1.3. Map showing location (inset, zoom on epicentral region) of seismic monitoring stations (yellow/orange: Cuadrilla 
2019 deployment; Green: University of Liverpool; Blue: BGS). Detected seismic events during hydraulic fracturing of PNR-
2 are shown. 

From 15th August to 6th October, during and subsequent to hydraulic fracturing of PNR-2, 135 
earthquakes were detected by the BGS using the three local seismic monitoring networks 
(BGS, UoL and Cuadrilla, Figure 1.3). Both BGS and UoL networks remained operational 
between the 2018 and 2019 phases, but Cuadrilla’s network was recovered after activity at 
PNR-1z finished and was redeployed prior to hydraulic fracturing at PNR-2. Some minor 
changes in instrument locations within Cuadrilla’s network therefore exist. 

This report focuses on all events detected (in real time) by the BGS (Tables 1.1,1.2). It is noted 
that other events at PNR-1z and PNR-2 (not listed in Tables 1.1,1.2) are likely to be detected 
through post-processing of continuous waveform data recorded during the operational period. 
This is may add further (previously undetected) events that occur around the detection 
threshold of the monitoring network, which is roughly ML 0 (pers. comm. BGS). 

It is important to note that this report does not review the TLS or aim to provide any explanation 
of the seismicity itself. Rather it provides analysis of the impact of events that have already 
occurred, or that may occur in the future. Specifically, this report provides an analysis of the 
ground motions from the induced earthquakes, and potential future earthquakes in terms of 
their effect on the built environment, community and well integrity. 
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to People, Property and Well Integrity

2. Overview of Ground Motions and their Impact
The ground motions resulting from earthquakes are complex natural phenomena, the physics 
of which is, in parts, poorly understood. The earthquake ground motion field (the shaking at 
some reference horizon, typically the surface) is of primary interest in seismic hazard analysis. 
It is this motion that applies loading to structures and, in the worst case, leads to damage or 
failure. The ground motion field itself is a result of several processes, some of which work 
against one another, and which can therefore lead to significantly different ground motion 
fields from earthquake to earthquake. In the following section, the parameters used to 
characterise the complexity of the ground motion field are summarised, in addition to the 
phenomena that may influence these. We then provide an overview of the relationship between 
‘instrumental’ ground motions (i.e., those that are recorded by seismometers or accelerometers) 
and macroseismic intensity, which reflects a qualitative description of shaking effects (from 
human perception, through to various damage states). We finally review the effects of ground 
motion levels on structures and people and through examples relevant to induced seismicity. 

2.1 Summary of Ground-Motion Characteristics
Ground motions from earthquake events are transient movements of the surface as seismic 
waves radiated by an earthquake pass by. At any point at the surface (or to an extent, the 
subsurface) these movements can be recorded using an accelerometer (recording acceleration) 
or seismometer or geophone (recording velocity). These instruments typically record 
continuously in three orthogonal directions (vertical and two horizontal) at sample rates at or 
above 100 samples per second (although lower sample rates are sometimes utilised). For 
modem, high-quality instrumentation, signals recorded on either type can be integrated or 
differentiated to provide any of the three measures of motion (displacement, velocity or 
acceleration). After an earthquake, the radiated P (primary) and S (secondary, or shear) waves 
are recorded along with their multiples and coda (waves scattered due to subsurface 
heterogeneity). In some cases, other waves are also observed, such as surface waves - usually 
evident for shallow earthquakes and/or distant recordings. 

Earthquake ground motions are characterised in various ways. For a given location the 
characteristics of shaking can broadly be split into: (i) point measures such as peak 
displacement, velocity and acceleration; (ii) duration of shaking; and (iii) frequency content. 
Variability of ground motions is also an important characteristic to consider. This variability is 
described in term of (iv) event-to-event and (v) site-to-site variations around the median. In 
terms of ground motion fields (i.e., motions over a surface area), the ground motions may also 
be characterised in terms of their (vi) spatial correlation. These topics are addressed in the 
following. 
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Figure 2.1. Example earthquake (2018-12-11. ML = 1.5) record at PNR site IO1 east-west direction. Top to bottom: (i) counts 
as recorded by datalogger (proportional to velocity); (ii) ground velocity (in mm/s); (iii) ground acceleration (in mm/s2) 
through differentiation of the recorded signal; (iv) ground displacement (mm) through integration and finally, (v) displacement 
(mm) simulated on a Wood-Anderson seismometer (for local magnitude calculation). PGA, PGV and PGD are indicated for 
this single horizontal component. 

2.1.1 Peak Displacement, Velocity, Acceleration and Response Spectra
In terms of assessing impact on the built environment, the most common ground motion 
characteristic used by engineers is peak ground acceleration (PGA). For instance, building 
codes (which specify the design response over various oscillation periods) are often defined 
using PGA. For a single orientation (e.g., east-west), PGA, and similarly peak ground velocity 
(PGV) and displacement (PGD) are simply the maxima of the absolute values of acceleration, 
velocity and displacement, respectively, recorded at a given site (Figure 2.1). For induced 
seismicity PGV (often also termed peak particle velocity, PPV) is an important parameter, 
since it is used to define norms and standards within which acceptable motions are permitted 
(e.g., BS6472-2: BSI, 2008). 

Typically, peak values are defined per recording rather than per orientation. Since recordings 
of ground motion are 3-component there are various ways of defining the record PGA (and 
equivalently PGV, PGD). The most common is the geometric mean (equivalent to the 
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exponentiated arithmetic mean of the natural logarithms or the square root of the product of 
the absolute values) of the horizontal components or subtle variations of this (e.g., Boore et al., 
2006). Other options are used, however, such as maximum of the two horizontal components 
or the vector product (Edwards and Bommer, 2018). These definitions do not equate directly. 
For instance, vector mean > maximum of two components > geometric mean of the horizontal 
components. Care should therefore be taken in comparing measures using different definitions. 
It should also be noted that in certain instances (generally near the epicentre) the vertical 
component may have larger peak motions than the horizontal. Horizontal motion is typically 
of more interest to engineering design due to the fact that most structures are, by design, much 
more resistant to vertical forces than horizontal ones. 

A more complete representation of ground motion in terms of peak amplitudes is provided by 
the ‘response spectrum’ (Figure 2.2). This provides the maximum responses at different natural 
periods of vibration, of which PGA forms one value (at zero period - although often 
approximated at 0.01 s). The response spectrum represents the peak response of a single-
degree-of-freedom (SDOF) system (e.g., mass on a pole), with defined damping (typically 5% 
of critical), to shaking at its base as defined by the acceleration time-series. 

Structures have a natural (or resonant) period (i.e., how it oscillates naturally if displaced at 
roof level and released): short, stiff structures have a short natural period and high-rise 
structures have a long-period natural response. A rule-of-thumb to determine the natural period 
of a building is to divide the number of storeys by 10. Therefore, relating the earthquake 
response spectrum at the equivalent period to a buildings natural period allows engineers to 
better evaluate any potential damage. The reader is directed to Bommer (2017) for further 
information. 

Figure 2.2. Schematic example of response spectra. Shaking occurs at the base. Single-degree-of-freedom (SDOF) damped 
oscillators of various natural period then respond to this shaking. The response spectrum is comprised of the peak response 
(red arrows) for each respective natural period. 
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2.1.2 Significant Shaking Duration
While peak motions are important in terms of structural response, high values alone do not 
necessarily lead to potential damage. For instance, a high PGA associated with a very short 
signal is associated to negligible displacement since displacement is a double integration 
(effectively a cumulative sum, twice) of acceleration over time. Similarly, high PGD could be 
related to a very long duration, which imposes negligible force [for example due to so-called 
slow earthquakes that often occur at subduction zones (Miller et al., 2002) and take place over 
hours or days]. It is therefore critical to account for duration of shaking in the assessment of 
seismic risk (Crowley et al., 2017). 

Significant duration of shaking is defined in various ways. Typically, the Arias intensity (AI) 
(cumulative sum of squared acceleration over time) is determined, which can be thought of as 
a proxy of the energy in a record. Plotting the cumulative value of AI with respect to time, the 
duration between various intervals with respect to the total Al is then measured (e.g., 5 - 95% 
or 5 - 75%). Generally, earthquakes follow a predictable pattern in terms of the expected 
significant duration with a function of magnitude, distance (larger in both cases leads to longer 
duration) and, to a limited extent, site class or average shear-wave velocity in the upper 30 m 
(Vs30). Empirical models exist that provide predictions for various measures of duration (e.g., 
Kempton and Stewart, 2006; Bommer et al., 2009), however, these tend to be for tectonic 
events with magnitudes greater than 3. For the very near-source and small magnitude events 
associated with induced seismicity it may be sufficient to consider the expected source duration 
itself, as given by simple models of earthquakes (Brune, 1970, 1971; Madariaga, 1976). These 
models relate the earthquake stress drop (see Section 2.2.4) to their source comer frequency 
and consequently signal duration. 

2.1.3 Frequency Content
The frequency content of earthquake ground motions has an important bearing on their effect 
on structures. As noted previously, all structures have a natural period (the reciprocal of natural 
frequency) and are therefore sensitive to motions at these frequencies. Earthquake signals have 
a characteristic frequency amplitude spectrum (FAS: the distribution of amplitudes at various 
frequencies). The shape of an earthquake acceleration record FAS is a approximated by a 
trapeze, with amplitudes increasing up to a first corner proportional to frequency squared, then 
flat, followed by an exponential decay at high frequencies (Figure 2.3). The spectral shape is, 
in general, defined by the first corner frequency, which is proportional to magnitude (Brune, 
1970) (Figure 2.3, right) and the rate of high-frequency decay, known as k  (Anderson and 
Hough, 1984), which is proportional to distance (Figure 2.3, left), k  is also influenced by site 
type, with low Vs30 sites (e.g., thick sedientary deposits) leading to strongly damped signals 
and therefore a high rate of spectral decay. The combination of small magnitudes for induced 
seismicity and potentially high k  at low Vs30 sites means that the characteristic spectral shape 
of these events is almost identical, only scaled in amplitude by magnitude. 
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Figure 2.3. Schematic example of frequency content of earthquake records with (left) increasing distance for one event; (right) 
various magnitude events at the same distance. Note that this example (right) does not consider the effect of strong local 
damping (e.g., due to thick low velocity sediments), which may lead to a constant apparent f0 independent of earthquake 
magnitude. 

While the ideal spectral shape is fairly simple, in reality the frequency content is more complex 
and may be influenced by other factors, such as site resonance and earthquake stress drop. The 
frequency content of earthquake ground motions is inherently included in ground motion 
prediction equations (see Section 2.3). Any systematic difference in the frequency content of 
records (e.g., due to particular site resonance effects, or to particularly high or low earthquake 
stress drop) at a particular location may lead to systematic over- or under-prediction of ground 
motion amplitudes. This is discussed further in Section 2.2. 

2.1.4 Variability
Earthquake ground motions are highly variable due to the complexities of fault rupture, and 
wave propagation through the heterogeneous subsurface (e.g., Edwards et al., 2019). The 
variability in ground motion due to this complexity is not captured in median predictions from 
GMPEs, which are designed to robustly determine ground motions given a set of limited 
predictor variables (magnitude, M, depth, H, distance to site, R, 30m average shear-wave 
velocity of site, Vs30, etc.). Instead GMPEs capture random variability through standard 
deviations on their predictions. The determination of these standard deviations (aleatory 
variability) is as important as the median values themselves. The aleatory variability of a 
GMPE is commonly assumed to be lognormally distributed and split into two parts: between 
event (with standard deviation, τ), and within event (φ), such that the logarithm of an arbitrary 
ground motion intensity is given by: 

log Y = f(M, R, H, Vs30 ... ) + B (τ) + W (φ). (1)

For a given intensity measure, e.g., PGV, a single between-event term, B(t ), is sampled from 
a zero-mean Guassian distribution with standard deviation t  (accounting for the average 
difference of an event’s ground motions with respect to the median predictions). Within-event 
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terms, W(φ), are event- and site-specific and are sampled from a zero-mean Guassian 
distribution with standard deviation φ for each record. Within event terms are assumed to be 
mainly related to site response/azimuthal variability and are spatially correlated. 

2.1.5 Spatial Correlation
The variability of earthquake ground motions is spatially correlated. This means that similar 
deviations in peak motions (with respect to the median prediction) are likely to occur at sites 
in close proximity to one another. The degree (and length scale) of correlation depends on the 
complexity of the subsurface and, for locations near to the fault, directivity or radiation pattern 
effects. In addition, long-period motions (which are less effected by subsurface heterogeneity) 
are more strongly correlated than short-period motions. Generally, spatial correlation is 
important when considering aggregated risk (i.e., risk associated to defined groups of people 
or structures) rather than individual risk (the risk to one individual - who can only be in one 
place at once). Spatial correlation leads to a smoothing of ground motions over space, which 
leads to increased likelihood of regional damage patterns, rather than a heterogenous or random 
distribution. While the correlation of ground motions is region specific (dependent on geology, 
for instance, e. g., Stafford et al., 2019), usually there are not sufficient data to develop a local 
model. However, empirical models exist for the spatial correlation of ground motions (e.g., 
Jayaram and Baker, 2009, Figure 2.4, which is adopted here). 

Where Vs30 are expected to show clustering (as at PNR), Jayaram and Baker (2009) propose 
the correlation coefficient p is given by: 

p = exp(—y) 
 

(2)

where: 

b = 40.7 - 15T T< 1 (3)
b = 22.0 - 3.7T T ≥ 1 (4)

Figure 2.4. Spatial correlation coefficients versus distance for various vibration periods (Jayaram and Baker. 2009).
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They propose that for application of their model, one should: 
1. Obtain median ground-motion values at the sites of interest using a ground motion 

prediction equation (GMPE); 
2. Probabilistically generate the GMPE inter-event term which follows a zero-mean 

univariate normal distribution; 
3. Simulate the location-specific intra-event terms using the standard deviations from the 

ground-motion models and the respective correlation coefficients (Equation 1); 
4. Combine the three terms generated in Steps 1-3 to obtain correlated ground-motions at the 

sites of interest. 

2.2 Factors Influencing Ground Motions
The main contributors to the strength of earthquake ground motions are: 
1. Earthquake magnitude; 
2. Distance of site from earthquake source (attenuation); 
3. The site’s geology, specifically its shear-wave velocity profile; 
4. Earthquake rupture properties (e. g., stress drop); 
5. Wave propagation effects (e. g., focussing). 

2.2.1 Earthquake Magnitude
Earthquake magnitude can be considered the most direct factor influencing earthquake ground 
motion. An earthquake’s magnitude describes its ‘size’ and works on a logarithmic scale. 
However, as with any size characterisation, there are a variety of ways that this is performed. 
Some measures (e.g., moment magnitude, denoted M or Mw; Hanks and Kanamori, 1979) 
relate to physical characteristics of the fault (crack) that generated seismic waves (and the 
resulting surface shaking). Other magnitudes (e.g., local magnitude, ML; Richter, 1935) 
effectively describe the surface effects (such as the peak ground displacement) normalized to 
a common reference distance, without consideration of the physical source itself. 

ML is calculated for all located UK earthquakes by the BGS. Recently, the BGS has published 
an updated ML model (Luckett et al., 2018), which is also valid at the very short distances 
typical for records of induced seismicity. ML is based on the ‘Wood-Anderson’ amplitude, 
which is the displacement on a (simulated) Wood-Anderson seismograph (see Figure 2.1). 
Since the majority of GMPEs are based on moment magnitude, M, these values must be 
converted. 

Different earthquake magnitude scales (Ml , M) are usually calibrated (over a limited range) to 
be consistent with one another. However, there is no guarantee that they are similar 
throughout—particularly at the low end (Ml  < 2) typical in induced seismicity (Edwards and 
Douglas, 2013; Dost et al., 2018, 2019). For instance, moment magnitude of induced 
earthquakes (Ml  < 2) is systematically higher than the local magnitude for a given event. The 
model of Grünthal et al. (2009) converts between ML and M over a wide magnitude range 
(down to ML -0.8 , although with limited data below ML 1). At the low magnitude end the 
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gradient between ML and M approaches 0.67. Numerous studies have shown consistency with 
this model (Dost et al., 2018, 2019), although small (< 0.1 unit) region-specific offsets are 
sometimes apparent (e.g., Edwards et al., 2015). In the ML < 1 range, Deichmann (2017) 
showed that M µ  2/3 ML  for ML << 2, confirming the empirical observations.

To convert the ML values of the PNR dataset, we therefore assume:

M = 0.0376M2L + 0.646ML + 0.53 (Ml  > 2.5) (Grünthal et al., 2009) (5a)

and

M = 2/3Ml  + 0.833 
 

(Ml  < 1.5) (Edwards et al., 2015) (5b)

with linear transition in the range 1.5 ≤ ML ≤ 2.5.

In July 2019 Cuadrilla Resources published their hydraulic fracture plan for PNR-2, this 
included an analysis of ML and M for the PNR-1z data. They found, in the range -0.8 < Ml  <
1.5 that:

M = 0.655ML + 0.897 (-0.8 ≤ ML ≤ 1.5) (Cuadrilla Resources, 2019b). (5c)

The PNR-1z empirical model (Equation 5c) is remarkably similar to the empirical-theoretical 
model proposed by Edwards et al. (2015) (based on Deichmann, 2017) and adopted for this 
work (Figure 2.5) and therefore justifies the use of Equation 5b in the small magnitude range.

Figure 2.5. Local to moment magnitude conversions.
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2.2.2 Attenuation
Earthquake ground motions diminish rapidly with distance from the epicentre, as evidenced 
both instrumentally and through felt intensity (Figure 2.6). This is due to geometrical decay 
and intrinsic attenuation. Geometrical decay is due to the fact that energy must be preserved 
over an increasingly large surface as the wavefield propagates away from the source. In a 
homogeneous medium this means that amplitudes must decrease proportional to distance (if 
distance doubles, amplitudes half).

Intrinsic attenuation is due to internal friction and scattering leading to frequency-dependent 
transfer to, for example, thermal energy (Knopoff, 1964). This is usually modelled as an 
exponential function, such that Fourier amplitudes are attenuated (in combination by geometric 
and intrinsic effects) by factor G:

f nfR \
G(ft = exp)((-nfR)  (6)

where R is the distance (in km), β is the average shear-wave velocity (typically 3.5 - 3.6 km/s), 
Q is the quality factor (a property of the rock) and A is the rate of geometrical decay (usually 
in the range 0.5 - 1.5) depending on the wave type and distance. In terms of other intensity 
measures (PGA, PGV, response spectral ordinates) there is a magnitude dependence on the rate 
of decay due to a complex interaction of spectral shape and oscillator response, and at larger 
magnitudes due to near-field saturation as finite-fault effects come into play. This is captured 
by empirical GMPEs (see Section 2.3). However, all ground amplitude measures decay 
quickly, with seismic hazard rarely considered for tectonic events (M > 5) at distances greater 
than approximately 200 km. As a result of attenuation any potential for structural damage 
(European Macroseismic Scale, EMS-98, intensity VII) due to induced seismicity is limited to 
epicentral regions. It should be noted, however, that site response (see Section 2.2.3) may lead 
to a local increase in ground motions outside of this general trend.

For induced seismicity, it has been noted that near-field motions tend to decay even more 
rapidly than 1/R (e.g., Edwards et al., 2019; Atkinson, 2015). This is likely due to the stratified 
local geology and low Q materials in the upper layers. Atkinson (2015), for example, presents 
a model with decay proportional to 1/R1.3. However, one important question is whether this 
strong decay persists for larger faults associated with damaging events.
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Figure 2.6. Example of ground motion attenuation in terms of (left) macroseismic (felt) intensity and (right) PGV for the ML 
4.6 earthquake near Cardiff on 17/02/2018. Figure source: BGS.

2.2.3 Site Characteristics
The variability of near-surface geophysical properties of the soil and rock layers, primarily 
shear-wave velocity and to a lesser extent density, have a significant impact on the local ground 
motion field. The compaction of sediments increases with depth and therefore porosity 
decreases. As a general rule, therefore, shear-wave velocity and density of geological strata 
both increase with depth, with the lowest values confined to the uppermost tens to hundreds of 
metres, depending on the geology of the area. ‘Site effects’ describe the local effect of these 
uppermost layers of rock and soil on seismic waves propagating through them. While complex, 
and depending specifically on the subsurface shear-wave velocity and density profiles, the local 
site effects can be generalised in terms of a layer over halfspace (bedrock), with a defined 
resonance frequency (f0) that is approximated as:

f = -Vs
'r‘0 4HB (7)

where Vs is the average shear-wave velocity of the overlying layer and HB is the depth to the 
bedrock. For instance, for Vs = 200 m/s and HB = 20 m we expect the fundamental resonance 
frequency at around fr,0=2.5 Hz. Multiples then occur at 5 Hz, 7.5 Hz and so on. In application, 
site effects are often approximated by a ramp function (in the log frequency domain), since 
theoretical resonance is complicated by heterogeneous subsurface. The ramp broadly increases 
up to f0, then remains constant. The amplitude of this amplification plateau is defined by the 
shear-wave velocity contrast between the bedrock and the superficial layers above, often using 
the square-root impedance for vertical incidence (e.g., Boore, 2013):
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A(f)=fe)0.5
 (8)

with the impedance given by the product of average density, ρ, and shear-wave velocity in the 
layers above (subscript s) and below (subscript b) a frequency-dependent reference depth. This 
depth is defined (Joyner et al., 1981) as the quarter-wavelength depth, similar to Equation 7, 
such that the reference depth above/below which to calculate the averages is defined as:

Hs(f)=Vs
 4f  (9)

This implies that for a site with bedrock Vs of 2000 m/s and near-surface Vs of around 200 m/s 
(density tends to be a minor influence), amplification of the ground-motion field reaches a 
factor of around 3 on average, although this is usually exceeded locally at frequencies near f0 
for sites with simple layered stratigraphy (Boore, 2013).

In addition to the amplification effect of decreasing seismic velocity toward the surface, a 
counteractive effect of damping, D(f), applies at high frequency (Anderson and Hough, 1984):

D(f) = exp (-πfKo) (10)

where κ0 is a site specific damping term, related to Q (a property defining seismic attenuation 
per wave cycle). Near surface materials have low Q, which leads to strong damping of high-
frequency motions as they propagate through the upper layers. Lower velocity materials 
(sediments, soil) lead to stronger damping. The combination of the amplification described 
above (e.g., Equations 8, 9) and damping effects (Equation 10) lead to an overall site effect 
approximated by an initial ramp, followed by exponential decay at high frequency. For low- 
velocity sites we observe strong amplification followed by strong attenuation as frequency 
increases. For high-velocity sites, we observe limited amplification but also only weak 
attenuation of amplitude at high frequency.

As a further generalisation for response spectra the upper 30 m average shear-wave velocity 
has been shown to correlate very well to averages over various depths Vsx and therefore 
amplification (Boore et al., 2011). As such modern GMPEs are normally constructed using 
Vs30 as a predictor variable, with lower values (in general) leading to stronger predicted 
motions.

The site amplification discussed above concern what are referred to as linear effects—those 
independent of the input motion. As such, an amplification factor always applies, regardless of 
the scenario. In reality we observe that for strong motions on low velocity sites, amplification 
is typically reduced due to the non-linearity of soil response to shaking (e.g., Sandikkaya et al., 
2013). As a result of this, low-velocity soils (Vs30 < 300 m/s) may lead to weaker amplification 
(or even de-amplification) for near-source moderate to large magnitude events than higher- 
velocity soil (the opposite to linear response, described previously). Non-linear effects are 
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typically included in modern GMPEs and are considered in the analysis presented later in this 
report.

2.2.4 Earthquake Stress Drop
Earthquakes are typically characterised in terms of their moment magnitude (M), a logarithmic 
scale that describes the seismic moment (Mo) of an event [M log(M0) — = (2/3)  6.03, in 
SI units]. Seismic moment itself is defined by the product of average slip, fault area and the 
shear modulus (the latter being broadly constant within the crust). Therefore, M is a static 
measure and independent of the kinematic or dynamic characteristics of the earthquake itself. 
For example, an earthquake with rupture area 60 x 15 km, average slip of 1.2m (and shear 
modulus of 32 GPa for the crust) will always be defined as M 7. However, in terms of ‘end-
member’ possibilities M 7 events (or equally any large magnitude earthquake) can then be 
either potentially devastating when slip occurs over seconds to minutes (as ‘earthquake’ is 
typically understood), or practically unnoticed when a fault (with identical geometric 
properties) slips over hours or days (as observed for ‘slow’ earthquakes, Miller et al., 2002).

The dynamic stress drop (Act ,  the tectonic driving stress minus the dynamic frictional stress) 
helps us to further characterise a seismic event beyond its moment magnitude, and can be 
considered a proxy for energy release. The dynamic stress drop during a seismic event has a 
significant impact on the radiated wavefield. Returning to the previous example we observe 

 

Δσ ~ 1 to 10 MPa for normal (potentially damaging) earthquakes, whereas for ‘slow’ 
earthquakes (with limited high-frequency energy released) we observe Δσ ~ 0.01 to 0.1 MPa, 
two orders of magnitude smaller.

There are various ways of defining stress drop ( or stress parameter), but as used in engineering 
seismology stress parameter effectively it defines the proportion of high-frequency radiated 
energy for a given magnitude, with higher stress drop events radiating more high-frequency 
energy (Figure 2.7, left). For increasing magnitude events, for a given stress parameter, the 
source corner frequency 

 

(fc), decreases (Figure 2.7, right), but magnitude dependent changes 
in stress parameter may give rise to a change in the reduction of fc as magnitude increases.

In terms of response spectral ordinates, increase in stress parameter leads to stronger mid (e.g., 
PGV) to short period (e.g., PGA) ordinates. Potential regional variations in stress parameter 
may mean that GMPEs developed in other settings do not correctly predict median motions. 
Of particular relevance in induced seismicity, it is thought that earthquake stress drop is depth-
dependent, with deeper earthquakes leading to higher stress drop. Some recent GMPEs account 
for this in their predictions (e.g., Chiou et al, 2014), but many do not. Since GMPEs are usually 
developed using predominantly deep tectonic events, this may lead to an overestimate when 
applied to shallow induced seismicity.
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Figure 2.7. Schematic representation of the impact of stress drop (parameter) on Fourier spectral amplitudes.

2.3 Prediction of Ground Motions
Ground motions are predicted through ground motion models (GMMs). In its simplest form a 
GMM is a ground motion prediction equation (GMPE). GMPEs provide a statistical estimate 
of the expected median ground motion and its standard deviation due to a given earthquake 
scenario. GMPEs are developed for various ground motion intensity measures. For instance, 
5% damped pseudo-spectral acceleration (PSA), which is given by the product of the squared 
angular frequency (ω1 2) and the absolute spectral displacement (SD) of a simple harmonic 
oscillator, damped to 5% of critical, SD itself, pseudo-spectral velocity (PSV = ωSD), peak 
ground acceleration (PGA) or peak ground velocity (PGV). Each ground motion measure has 
its own advantages and is selected depending on application.

The form of GMPEs is typically:

log Y — Fsource + Fpath + Fsite + B (τ ) + W(φ) (11)

where Y is a ground motion intensity, predicted in terms of its natural or base-10 logarithm 
(since ground motion residuals are observed to be log-normally distributed). Units of ground 
motion provided by GMPEs are not standardized and may be in terms of SI units (m, m/s, 
m/s2), CGS units (cm, cm/s, cm/s2 or gal) or in units of gravity. A set of recommendations 
regarding selection of GMPEs (e.g., on functional form) are made by Bommer et al. (2010) 
and Cotton et al. (2006). Bommer et al. (2010) proposed to exclude GMPEs from probabilistic 
seismic hazard analyses if:

1. The model is derived for an inappropriate tectonic environment.
2. The model is not published in a Thomson Reuters ISI-listed peer reviewed journal 

(although an exception can be made for an update to a model that did meet this criterion).
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3. The dataset used to derive the model is not presented in a table listing the earthquakes and 
their characteristics, together with the number of records from each event.

4. The model has been superseded by a more recent publication.
5. The model does not provide spectral predictions for an adequate range of response periods.
6. The functional form lacks either non-linear magnitude dependence or magnitude-

dependent decay with distance.
7. The coefficients of the model were not determined with a method that accounts for inter-

event and intra-event components of variability; in other words, models must be derived 
using one- or two-stage maximum likelihood approaches or the random effects approach.

8. Model uses inappropriate definitions for explanatory variables or models site effects 
without consideration of site characterization, such as Vs30.

9. The range of applicability of the model is too small to be useful for any relevant 
extrapolations.

10. Model constrained with insufficiently large dataset: fewer than 10 earthquakes per unit of 
magnitude or fewer than 100 records per 100 km of distance.

However, it should be noted that some of these considerations are not as relevant for induced 
seismicity. A comprehensive resource of available GMPEs is maintained by Dr John Douglas 
(University of Strathclyde) and is available online at gmpe.org.uk (last accessed 08/2019).

As noted by Bommer and Edwards (2018) there are several important considerations when 
selecting GMPEs specifically for induced seismicity, summarised here:

• Magnitude: due to close proximity to population centres, induced seismicity is typically 
considered as a risk at smaller magnitude than considered for tectonic seismicity (for the 
latter generally M > 4.5). As a result, many GMPEs are not developed with a suitable range 
of magnitude and are therefore not technically applicable for induced seismicity. In fact 
there are very few models valid without adjustment at M < 3. Several studies have shown 
that the extrapolation (without adjustment of coefficients and/or functional form) of 
GMPEs to smaller magnitudes will generally lead to gross over-estimation of the predicted 
amplitudes (Bommer et al., 2007; Atkinson and Morrison, 2009; Chiou et al., 2010). 
Magnitude type also has an important impact on the predictions, particularly in the range 
M < 3 where M is not equivalent, but proportional to 0.67 ML (Dost et al., 2017). This 
difference in magnitude type may lead to incorrect conclusions where GMPEs apparently 
match at low M when wrongly assuming equivalence.

• Depth: induced seismicity tends to occur at shallow depths - at PNR around 2 to 3 km. On 
the other hand tectonic earthquakes (which the majority of GMPEs are developed with) 
typically occur at greater depths (around 10 km). Two considerations are necessary here:
(i) due to their proximity to the surface they may lead to higher ground motions than for an 
equivalent tectonic event at greater depth; but counteracting this (ii) due to their shallow 
depth (and lower confining stress), their stress drop may be lower, leading to lower ground 
motions than for a deeper event of the same magnitude;
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• Distance: hazards due to induced seismicity are focussed in the very-near epicentral region, 
a region where very little empirical data exists. As for magnitude (above) this means that 
many GMPEs are not technically applicable and must be extrapolated and/or adjusted 
beyond their valid range. Accounting for the importance of near-field prediction and the 
shallow depth sources, it is important to use a distance measure that reflects this such as 
hypocentral or rupture distance;

• Near source saturation: a common feature of many modem GMPEs is the phenomenon of 
near-source saturation, which is essentially a flattening of the attenuation curves at short 
distances. Since this is related to the dimensions of the earthquake source (i.e., fault rupture) 
the distance saturation is dependent on magnitude, with the flattened part of the attenuation 
curve extending over greater distances from the source for larger earthquakes. The 
magnitude dependence of the near-source distance saturation persists for moderate-
magnitude earthquakes and it is important that the adopted GMPE is able to correctly model 
this feature in the magnitude range of applicability for induced seismicity (e.g., Yenier and 
Atkinson, 2014; Yenier et al., 2016).

• Site classification: GMPEs are typically developed either for a reference site or with a 
predictor variable that allows different site types to be considered. It is important that the 
GMPE selected is suitable for the Vs30 in the region, since this can lead to significant 
differences in predictions.

• Other predictor variables: factors such as source mechanism are not considered as 
important as those above (since they generally lead to relatively minor changes in 
prediction) and may need to be assumed. It is therefore better to have a simple model form 
that can be easily adjusted at a later point.

There exist several hundred GMPEs in the literature, with many differences in parameterisation 
and model form. Based on a study conducted by Arup (Arup, 2014), the ground-motion 
prediction equation (GMPE) adopted for application at Preston New Road by the operator was 
the European model of Akkar et al. (2014). Shortcomings with this selection were, however, 
noted by Bommer and Edwards (2018) and the model is therefore not considered here. Instead, 
we focus on two GMPEs which are commonly used for predicting ground motions due to 
induced seismicity: Atkinson (2015) and Douglas et al. (2013). Their parameterisation, model 
form and consideration of uncertainty is discussed in the following. For more general review 
of development of GMPEs, the reader is referred to Douglas and Edwards (2016).

The GMPE of Atkinson (2015) was specifically developed for instances of induced seismicity. 
The model is developed using a high-quality earthquake ground motion database (NGA-West2, 
Anchetta et al., 2014) comprised of records from tectonic events (M 3 to 6 at distances up to 
40 km) worldwide. However, the majority of events for the smaller magnitudes are from 
tectonic (and not exclusively shallow) Californian earthquakes. The model has the form:

logY = c0 + C1M + c 2M2 + c3logR + B(τ ) + W(φ) (12)
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with Y the ground motion intensity (PGA, PGV, PSA at given period), M is the moment 
magnitude (not necessarily equivalent to local magnitude) and R is the distance in km, given 
by:

R = R2hyp + h2eff
 

(13)

where Rhyp is the distance to the earthquake hypocentre and heff accounts for near-epicentre 
saturation of motions. Atkinson proposed two alternatives: heff = max(1, 10-1.72+0.43M) and 
heff = max(1, 10-0.28+0.19M). The latter formulation is suggested by Bommer and Edwards 

(2018), and is used here. Logarithms are base 10 and the ground motion intensities are in cm/s2 
for PGA, PSA, or cm/s for PGV. B(t ) and W(φ) are samples from the log-normal distributions 
describing the within-event and between-event variability, respectively. The predictions are 
made for a reference Vs30 = 760 m/s. Predictions of other site types (Vs30 values) is achieved 
using the site response model of Boore et al. (2014) and the appropriate reference rock Vs30 
(760m/s for Atkinson, 2015, and 1100 m/s for Douglas et al., 2013). We note that the model of 
Atkinson (2015) is specifically designed for use with the amplification model of Boore et al. 
(2014), whereas for the model of Douglas et al. (2013) we are making the assumption that the 
different reference rock condition can be adjusted through the use of appropriate reference rock 
Vs30.

Tables of coefficients (c0-3) and standard deviations (τ and φ) are provided by Atkinson 
(2015) based on regression to the dataset used in their study for several ground motion intensity 
values (PGV, PGA and PSA at selected periods). This GMPE follows a simple functional form, 
with reference motions implicitly defined at M = 0 and R = 1 km as c0. Quadratic magnitude 
scaling accounts for the increase of ground shaking with magnitude (the relative increase of 
motions from one magnitude to the next decreases for increasingly large events due to finite 
fault size effects). 

 

c3logR accounts for the attenuation of ground motions with increasing 
distance, and is roughly equivalent to geometrical decay (see Section 2.2.2), with strong decay 
proportional to R-1.4 at long-periods. It is noted that this decay also includes the effect of the 
oscillator response and duration at short periods, however, which leads to increased rates of 
decay. Intrinsic attenuation is not directly considered in this model due to the near-source 
distances that it is focussed on (Rhyp < 40 km). Variability in this model follows the standard 
form described in Section 2.1.4.

The GMPE of Douglas et al. (2013) is based on a ground motion dataset of shallow induced 
events (although some related to natural processes). The dataset included events with M 1 to 4 
at distances up to 20 km. The authors produced a homogenised catalogue, with M calculated 
consistently for all events. We use Model 1 of their work (two other models were produced to 
show the sensitivity of various assumptions). One model was produced without correction for 
site effects, and one with sites corrected to a reference rock with Vs30 = 1100 m/s. We present 
the latter, which can, as for Atkinson (2015), be used for various Vs30 sites by using the Boore 
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et al. (2014) site response model (with Vref = 1100 m/s). The Douglas et al. (2013) model has 
the form:

ln Y = a + bM + c ln R + dRhyp + B(t ) + W(φ). (14)

In their model, ground motion units are SI (i.e., m/s2 for PGA, PSA or m/s for PGV). They also 
use natural logarithms rather than base-10. The main difference in this model to Atkinson’s is 
the lack of M2 term. This is because it is based on data below the value where the term has an 
impact (M > 4). They use the same distance metric (Equation 13), although the heff term is 
period dependent in their model. Douglas et al. (2013) also define an ‘intrinsic decay’ term (d), 
although at these short distances it is not clear how well resolved this is. Their model uses the 
standard within- and between-event variability. The values presented are much higher than 
Atkinson’s however. This may be due to the various sources of data used, and potentially poor 
metadata for site characteristics and small magnitude events.

The above GMPEs are both directly applicable only to rock sites, specifically sites with Vs30 = 
760 (Atkinson, 2015) or Vs30 =1100 m/s (Douglas et al., 2013). In order to apply the GMPEs 
to sites with arbitrary site condition we use the site amplification model of Boore et al. (2014), 
which is additive to ln Y (hence conversion of Equation 13 is required from base-10 
logarithms). The linear site term (see Section 2.2.3) is:

ln(FS,lin) = clin ln(min(Vs30,Vc/Vref) 
 

(15)

where Vs30 is a property of the site under investigation (in m/s), clin and Vc are period 
dependent coefficients (see Boore et al., 2014) and Vref is the reference velocity of the GMPE. 
At high ground motions, ground motion amplification is reduced by non-linearity of the soil, 
this is described by:

ln(Fs,.nl) = f1 + Aln(££^) 
 

(16)

with:

f2 = f4[exp{f5(min(Vs30,760) - 360)} - exp{/5(760 - 360)}] (17)

where f1-2 and f4-5 are period dependent coefficients defined in Boore et al. (2014) and PGAr 
is the PGA value predicted for the relevant scenario (M, R, etc.) for a site with Vref = 760 m/s.

Notable here is that the GMPE of Atkinson (2015) is developed using M > 3 events and 
therefore not directly applicable to the seismicity at PNR. The Douglas et al. (2013) model is 
based on M > 1 data, so closer to the magnitude range of interest, but it is based on a mixture 
of various data sources with potentially poor quality metadata leading to high model variability.
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The Atkinson (2015) model does not account for potentially lower stress drop events at shallow 
depth (being based on tectonic events at greater depth) and may therefore overestimate 
motions. The Douglas et al. (2013) model is based on shallow seismicity, so should implicitly 
account for this effect, however, its applicability at M > 4 is limited by the lack of M2 term in 
the functional form and the fact that it did not use data in this range during development.

2.4 Relationship between Ground Motions and Macroseismic Intensity
Instrumental ground motions (such as PGV, PGA, etc) and macroseismic intensity (which is a 
measure of quantifiable effects on people and structures) are inherently linked. Very broadly, 
one cannot increase macroseismic effects without increasing the underlying ground motions. 
Models exist which equate ground motions with macroseismic intensity and are referred to as 
ground motion to intensity conversion equations (GMICE).

2.4.1 Macroseismic Intensity
Macroseismic intensity defines the effects of an earthquake on people and the built 
environment. The European Macroseismic Scale (EMS-98) defines a homogenised intensity 
scale used across Europe (Table 2.1). It is, however, broadly equivalent to macroseismic scale 
used in the US (Modified Mercalli Intensity, MMI).

The United States Geological Survey (USGS) uses ShakeMap (Wald et al., 2005; García et al., 
2012) to visualise the spatial extent of felt effects (Figure 2.8). ‘Weak’ shaking (intensity II- 
III) is rarely reported by the public following a detected event. Light shaking (intensity IV, no 
damage) may be reported and corresponds to velocities exceeding 14 mm/s (Worden et al., 
2012). Damage is predicted for moderate shaking (intensity V) and above, with velocities 
exceeding 47 mm/s.

Linking ground motion and macroseismic intensity at low intensities is complicated by the fact 
that felt intensity is typically biased upwards (people less often report not feeling a seismic 
event). Some ambiguity is also present in the definition of macroseismic intensity, with for 
instance, the Italian MCS scale typically leading to higher assigned values.

PERCEIVED 
SHAKING Not felt Weak Light Moderate Strong Very strong Severe Violent Extreme

POTENTIAL 
DAMAGE none none none Very light Light Moderate Mod./Heavy Heavy Very Heavy

PEAK ACC.(%g) <0.05 0.3 2.8 6.2 12 22 40 75 >139

PEAK VEL.(cm/s> <0.02 0.1 1.4 4.7 9.6 20 41 86 >178
INSTRUMENTAL 

INTENSITY I Il-Ill IV V VI VII VIII IX X+

Figure 2.8. USGS ShakeMap legend indicating shaking levels, Modified Mercalli Intensity (labelled instrumental intensity), 
and peak motions based on Worden et al. (2012). Note that intensity and corresponding PGA and PGV values differ to those 
adopted later in this report (see Caprio et al., 2015)
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Table 2.1. Abbreviated European Macroseismic Scale (EMS-98)

EMS 
intensity Definition Description of typical observed effects (abstracted)

I Not felt Not felt.

II Scarcely felt Felt only by very few individual people at rest in houses.

III Weak Felt indoors by a few people. People at rest feel a swaying 
or light trembling.

IV Largely observed Felt indoors by many people, outdoors by very few. A few 
people are awakened. Windows, doors and dishes rattle.

V Strong Felt indoors by most, outdoors by few. Many sleeping 
people awake. A few are frightened. Buildings tremble 
throughout. Hanging objects swing considerably. Small 
objects are shifted. Doors and windows swing open or shut.

VI Slightly damaging Many people are frightened and run outdoors. Some 
objects fall. Many houses suffer slight non-structural 
damage like hair-line cracks and fall of small pieces of 
plaster.

VII Damaging Most people are frightened and run outdoors. Furniture is 
shifted and objects fall from shelves in large numbers. Many 
well built ordinary buildings suffer moderate damage: small 
cracks in walls, fall of plaster, parts of chimneys fall down; 
older buildings may show large cracks in walls and failure 
of fill-in walls.

VIII Heavily damaging Many people find it difficult to stand. Many houses have 
large cracks in walls. A few well built ordinary buildings 
show serious failure of walls, while weak older structures 
may collapse.

IX Destructive General panic. Many weak constructions collapse. Even 
well built ordinary buildings show very heavy damage: 
serious failure of walls and partial structural failure.

X Very destructive Many ordinary well built buildings collapse.

XI Devastating Most ordinary well built buildings collapse, even some with 
good earthquake resistant design are destroyed.

XII Completely devastating Almost all buildings are destroyed.

2.4.2 Ground Motion to Intensity Conversion Equations
In order to convert between instrumental ground motion and macroseismic intensity we use 
GMICE. Due to the significant variability and scatter in both ground motion and macroseismic 
intensity data, the development of median models is not straightforward. The most common 
GMICE used in the US is Worden et al. (2012), which predicts MMI. Other recent European 
models include the Italian based model of Faenza and Michelini (2010). However, the latter 
use MCS intensity, which—while by definition broadly comparable with EMS-98 and MMI—
has been shown to consistently lead to higher intensities assignments than other scales Musson 
et al. (2010).

31



WP2 — Impacts of Seismicity: Transmission
to People, Property and Well Integrity

ISEIS-HC-RP-JJB-OGA_WP2

Recent work by Caprio et al. (2015) has compiled various datasets (EMS-98, MMI and MCS) 
based on both expert assignments and from the ‘did-you-feel-it?’ public questionnaires and 
defined a regional and global GMICE. This model is reversible due to consideration of errors 
in both ground motion and intensity, with a generic (scale independent, EMS-98 equivalent) 
intensity defined as:

I = a1 + b1 log10 PGM log10 PGM < tPGM 
I = a2 + b2 log10 PGM log10 PGM > tPGM

(18)

where PGM is peak ground motion (largest of two horizontal components of either acceleration 
or velocity, PGA, PGV, respectively). The coefficients for Equation 18 are in Table 2.2.

Table 2.2. Coefficients for the global GMICE of Caprio et al. (2015), Equation 18

PGM a1 b1 a2 b2 tPGM

PGA (cms-2) 2.270 1.647 -1.361 3.822 1.6
PGV (cms-1) 4.424 1.589 4.018 2.671 0.3

Since no UK-specific GMICE exists, we adopt the global model of Caprio et al. (2015) for the 
analyses later in this report. Macroseismic intensity (estimated from GMICE) provides a useful 
first order estimate of potential effects of scenario earthquakes. However, it is no replacement 
for a full investigation in terms of building stock and its vulnerability (see Section 2.6).

2.5 Impact of Ground Motion Levels on People
Ground motions can cause a nuisance to people even if they do not affect structures themselves. 
Here we consider these low-level ‘nuisance’ ground motions, while stronger motions are 
considered in the subsequent section. While ground motions that do not cause damage to 
buildings could be considered relatively benign, it is well known that continuous or repeated 
levels of vibration can cause a nuisance to the local populations and are actively avoided in 
various industries. A convenient way to assess the impact of induced seismicity on people’s 
wellbeing is to compare vibration levels to existing British Standards (which define acceptable 
levels for industry) and other anthropogenic sources (such as road traffic, construction, etc).

British Standard ISO 4866 (BSI, 2010) provides “extreme” examples of typical vibration 
sources (Table 2.3). It is noted that the values “refer to the response of structures and structural 
elements to a particular type of excitation and are indicative only”. Furthermore, while the 
source of these vibrations, in most cases, releases less energy than that released by an 
earthquake, the felt vibration (the amplitude of shaking) at the surface can be equated. The key 
difference is that earthquakes at depth disperse energy over a wide area—subjecting a large 
volume (and surface area) to vibration—while many other sources of vibration are more 
localised.

British Standard 5228-2 (BSI, 2014) states that the threshold of human perception is typically 
in the PGV range of 0.14 mm/s to 0.3 mm/s, well below any damage levels. However, we note 
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that this is below the levels typically associated to felt seismicity (e.g., Bommer et al., 2006). 
This may be due to the definition of perceived, where the activity being undertaken by the 
person will have an impact. We therefore presume the threshold in BS 5228-2 applies for a 
person in a quiet environment with no other noise disturbances. For instance, typical traffic 
induced vibrations are within this range [around 0.2 mm/s according to Edwards et al. (2018), 
or even higher according to British Standard 4866 (BSI, 2010)], and are not something that we 
would consider perceivable within the context of a person going about their day-to-day life.

Other impacts on people may be related to the impact of ‘sight and sound’ as well as vibration, 
with larger seismic events often being reported as ‘loud bangs’ or ‘crashes’. For instance, a 
recent ML 2.2 event in Cornwall (8th August 2019) was reported as a “sonic boom” or a “loud 
bang from beneath” according to news reports. The USGS 
(https://earthquake.usgs.gov/leam/topics/booms.php. last accessed 08/2019) note that “small 
shallow earthquakes sometimes produce rumbling sounds or booms that can be heard by people 
who are very close to them. High-frequency vibrations from the shallow earthquake generate 
the booming sound; when earthquakes are deeper, those vibrations never reach the surface. 
Sometimes the earthquakes create booming sounds even when no vibrations are felt.” Due to 
the shallow depth of induced seismicity (and generally higher frequency content due to their 
small magnitude—see Section 2.1.3), these events are therefore more likely to produce audible 
sound waves that can be heard at the surface.

The combination of possible felt (but non-damaging) and heard effects of induced seismicity 
certainly are cause for concern to the local population. Residents may be frightened by such 
effects and may be particularly concerned about the possibility of future, stronger events.
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Table 2.3. Typical frequency, amplitude, velocity and acceleration levels as listed in BS ISO 4866:2010 (BSI, 2010). The 
lower and upper (corresponding to the amplitude range) equivalent local magnitudes (for vibrations at the epicentre with event 
depth at 2.5 km) has been calculated according to the updated (Luckett et al., 2018) BGS ML, scale used for the TLS.

Frequency 
range 
Hz

Amplitude 
range 
pm

Particle 
velocity 
mm/s

Particle 
acceleration 
m/s^2

Magnitude

ML (low)

Magnitude

ML (high)
Traffic 
(road, rail)

1 to 100 1 to 200 0.2 to 50 0,02 to 1 0.7 3.0

Blasting 
vibration

1 to 300 100 to 
2 500

0.2 to 100 0.02 to 50 2.7 4.1

Air over 
pressure

1 to 40 1 to 30 0.2 to 3 0.02 to 0.5 0.7 3.0

Pile driving 1 to 100 10 to 50 0.2 to 100 0.02 to 2 1.7 2.4

Machinery 
outside

1 to 100 10 to 
1 000

0.2 to 100 0.02 to 1 1.7 3.7

Machinery 
inside

1 to 300 1 to 100 0.2 to 30 0.02 to 1 0.7 2.7

Human 
activities 
inside

0.1 to 30 5 to 500 0.2 to 20 0.02 to 0.2 0.7 3.4
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2.6 Impact of Ground Motion Levels on the Built Environment
This Section provides a summary of the impact of past events (induced and tectonic) with a 
magnitude of up to 4.8 (which is slightly higher than the largest scenario considered in Section 
6), and with relatively similar building stock and socio-economic settings to those found in the 
United Kingdom (see Section 5.3). This summary has been taken from a report describing 21 
case studies of damaging low to moderate magnitude events by Nievas et al. (2019) which was 
developed as part of the extensive studies into the impact of gas production in the Groningen 
field in the northern Netherlands. Readers are thus referred to that report for more detailed 
information on the events that are presented herein.

The damage states mentioned in the following and in the table below refer to the EMS-98 
damage scale (Grünthal, 1998) which describes 5 damage states for unreinforced masonry 
(URM) buildings (see Figure 2.9), where the first damage grade (damage state 1, DS1) refers 
to no structural damage and slight non-structural damage which is manifested through hairline 
cracks in walls and damage to plaster. The second damage grade (DS2) describes the initiation 
of structural damage, with cracks in many walls, many pieces of plaster falling and some partial 
collapse of chimneys. The third damage grade (DS3) corresponds to moderate structural 
damage wherein most walls have large and extensive cracks, roof tiles may detach, chimneys 
fracture at the roof line, and non-structural elements such as partition walls of gable walls may 
fail. Damage grade 4 (DS4) occurs when very heavy structural damage is present, with serious 
failure of walls, and partial structural failure of roofs and floors. Finally, at damage grade 5 
(DS5) total or near total collapse of the building is experienced.

The following events with magnitude less than 4.8 have been selected from the study by Nievas 
et al. (2019):

• M3.2 Basel earthquake, Switzerland
• M3.5 Huizinge earthquake, the Netherlands
• M3.6 Darmstadt earthquakes, Germany
• M3.9 Ischia earthquake, Italy
• M4.0 Folkestone earthquake, United Kingdom
• M4.8 Guy-Greenbrier (Arkansas) earthquake, USA
• M4.8 Liège earthquake, Belgium
• M4.8 Épagny-Annecy earthquake, France
• M4.8 Tbilisi earthquake, Georgia
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Figure 2.9. EMS damage grades for URM buildings (Grϋnthal, 1998). DS1: non structural damage, such as hairline cracks in 
plaster; DS2: initiation of structural damage, with cracks in many walls; DS3: moderate structural damage wherein most walls 
have large and extensive cracks; DS4: very heavy structural damage is present, with serious failure of walls, and partial 
structural failure of roofs and floors; DS5: near total collapse.

Three of these events led to large numbers of destroyed buildings and casualties directly 
attributable to the ground shaking (Ischia, Liège, and Tbilisi). In the case of Ischia and Tbilisi 
this can be attributed to the high vulnerability of the buildings due to poor quality materials, 
lack of maintenance and illegal construction. In Ischia the intensity of ground shaking was 
higher than expected for the event magnitude due to the shallowness of the event and site 
amplification due to the unconsolidated volcanic deposits. In Liège, the extensive mining 
exploitation that had taken place in the region for many years may have destabilised the zone 
and weakened the buildings. Extensive damage (though without any casualties) was observed 
in Épagny-Annecy, most likely due to increased site amplification within the Annecy basin. 
All of the above events had maximum macroseismic intensities of VII and VIII.

The remaining events (Basel, Huizinge, Darmstadt, Folkestone, and Guy-Greenbrier) had 
maximum intensities of V and VI. The Guy-Greenbrier event had a maximum intensity of V 
which is lower than would be expected for a M4.8 event, and this was likely to be due to the 
scarce population in the region that was hit and the presence of light wood frame buildings 
(although strictly, intensity assignment accounts for such factors), though the masonry 
buildings that were damaged did reach damage state 2 (DS2). The Basel event, which also had 
a maximum intensity of V, had many damaged buildings, but they were found to correspond 
to DS1. The other two events (Darmstadt and Folkestone) had a maximum intensity of VI and 
were mainly characterised by collapsed chimneys in addition to masonry buildings with DS2.

A comparison between the damage estimates made for the scenario events at PNR and these 
damaging earthquakes is made later in this report.
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3. Ground Characterisation at PNR
As summarised in previous sections, the Vs30 value of a site is a critical predictor of the degree 
of local amplification to ground motions. Predictions of spectral ordinates can increase by up 
to factors of 3 or more for the lowest Vs30 sites, compared to a rock reference site. It was 
considered a fundamental first step in this work, therefore, to estimate an appropriate value for 
the PNR sites—both at the locations of seismometer instruments—and more generally, across 
the local region.

3.1 Site Characterisation Measurements Undertaken at PNR
To determine appropriate Vs30 we have undertaken three measurement campaigns (sites L001, 
L003 and L009). The technique used to determine shear-wave velocity depth-profiles and 
subsequently Vs30 was multi-channel analysis of surface waves (MASW, Miller et al., 1999).

MASW is a non-invasive geophysical method to determine the subsurface structure of the 
upper tens of metres of soil and rock. Surface waves generated by a seismic source (a hammer 
strike) using a line of geophones are recorded (Figure 3.0). From the dispersion of these waves 
as they travel we can determine shear-wave velocity, Vs, (and to a lesser extent compressional 
velocity, Vp) of the subsurface. 

Figure 3.0. A. Equipment used for MASW survey; B. geophone cable array; C. Schematic of MASW layout.

For the MASW surveys we use standard seismic refraction survey equipment:
• A 6.4 kg sledge hammer (used to hit the strike plate and generate a seismic signal)
• A strike plate (a 30 cm square HDPE plate, which is placed at various locations along the 

survey line)
• A field laptop computer and data-logger
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• 50 - 150 m geophone cable (laid on the ground surface)
• 24 vertical 4.5 Hz geophones.

For planning and deployment of the MASW measurements we follow the guidance detailed in 
Foti et al. (2017). The dispersion of seismic surface waves is determined through cross 
correlation of the recorded data, as described by Miller et al. (1999). In all cases either 1 or 2 
second post-trigger records (at sample intervals of 0.00625 and 0.0125 s respectively) were 
taken, depending on the record length required to capture the full surface-wave train during the 
survey. Processing of the collected data for dispersion characteristics is performed in the 
software package ‘geopsy’ (www.geopsy.org. last accessed 08/2019). A model for the 
subsurface velocity (VP and Vs) is then generated through inversion that explains the dispersion 
behaviour of the Rayleigh waves using the software ‘dinver’ (Wathelet, 2008, Wathelet et al., 
2004).

The strategy for measurement in the short timeframe available here was to target specific 
superficial geology that is present in the area. The predominant superficial deposits near to the 
PNR site are: (i) blown sand; (ii) till; and (iii) peat and alluvium. Space and landowner consent 
also played a role in the choice of measurement sites. The selected sites cover the appropriate 
geological zones (i - iii), allowing a certain degree of inference as to the Vs30 for a given 
superficial geology.

3.1.1 Site L001
Site L001 lies on till deposits (Figure 3.1) according to the BGS superficial geology map and 
is less than 5 km from the PNR site and associated seismicity. Several borehole lithological 
logs are available within 1 km of this site (Figure 3.2). We use logs 1419 and 18458993 as the 
nearest open access logs obtained through the BGS single onshore borehole index (SOBI) 
database. These are shown in Appendix A. SOBI: 1419 indicates till deposits (sand, gravel, 
clay) to 29 m, overlaying mudstone, while SOBI: 18458993 (although less detailed) also 
documents clay, sand and gravel deposits to 35 m, overlaying mudstone. Therefore, sites in 
this area comprise of around 30 m of sand, gravel and clay overlying a more consolidated 
mudstone.

Data provided by the operator (Figures 3.3, 3.4) from both refraction low velocity later (LVL) 
analyses and borehole investigations indicates the depth of a first refractor at between 4.5 and 
11.9 m. Based on the lithological logs, this is likely to be a transition between clay and sand 
layers rather than the deeper mudstone. More distant survey points from the same analyses 
indicate a second refractor resolved at between 17 - 30 m depth, although at most survey 
locations LVL investigations were unable to resolve to this depth.
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Figure 3.1. Location of MASW measurement at L001 (red dashed square). The PNR site along with 3, 5,10 km zones around 
it are shown (dashed concentric rings). The base-map is the BGS 625k superficial deposit map: green is blown sand; light blue 
is till; brown is peal and cream is alluvium. Built-up areas are highlighted by cross-hatched regions. Inset: Location of MASW 
measurement points (circles) and surrounding region.

Two MASW lines were measured: one at 3m geophone spacing (69 m total length, Figure 3.5); 
and one at 6 m (138 m total length, Figure 3.6). Both lines share the same easternmost point. 
Various shot offsets were used, with the optimal location being offset 5 m from the first 
geophone based on visual inspection of the traces and dispersion.

The dispersion for the 5 m offset shot is shown in Figure 3.7. The aim of the longer MASW 
transect is to resolve lower frequency dispersion and therefore image deeper structure. It 
appears that the dispersion is indeed resolved below the 5 Hz limit (Figure 3.7, left) seen for 
the shorter MASW transect, although caution is required in interpreting dispersion much below 
5 Hz frequency due to (i) the source not generating sufficiently low frequency waves; (ii) the 
short duration of the signal; (in) the sensitivity of the geophones (Foti et al., 2017). 
Nevertheless, using this information, it appears that the dispersion can be observed down to 
approximately 4 Hz.
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Figure 3.2. MASW line at site LOO) (blue: 138 m; yellow: 69 m). Instrument sites IO5 and AQ06 arc also nearby, lite SOBI 
borehole log locations are indicated with purple circles. Hatched areas indicate populated regions. The background is the 
BGS superficial geology map. lite highlighted SOBI locations indicate those in the text. Note: the SOBI IDs reveal 
confidential location information and should not be reproduced.

Figure 3.3. As previous, but showing location of low velocity layer refraction survey (blue) and borehole investigations (red) 
carried out on behalf of the operator. Depth to refractor 1 (Rl) is indicated.
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Figure 3.4. As previous, but showing location of more distant low velocity layer refraction survey (blue) and borehole 
investigations (red) carried out on behalf of the operator. Survey points with resolved refractor 2 depths (R2) are indicated.

Figure 3.5. 24 geophone records (bottom nearest source), with 3 m spacing at site L001.
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Figure 3.6. 24 geophone records (bottom nearest source), with 6 m spacing al site L001. Note geophone 15 is inactive during 
this measurement du to location constraints.

Figure 3.7. Dispersion plots for the MASW lines with (left) 3 m spacing and (right) 6 m spacing with 5 m shot offset. Aliasing 
limits are shown by the black lines.
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3.1.2 Site  L003
Site L003 lies on peat and alluvial deposits (Figure 3.8, inset) and is around 12 km from the 
PNR site and associated seismicity. One MASW line was measured with 2 m geophone spacing 
(46 m total length). Other regions within 5 km of PNR lie on similar geology (Figure 3.8), 
although the majority of the region is similar to site L001 (i.e., till deposits). As at the previous 
site, various shot offsets were used, with the optimal location being offset 5 m from the first 
geophone. Two nearby lithological logs were located in the SOBI (see Appendix A, IDs: 4838, 
4495, Figure 3.9). The lithological logs indicate layers of soil followed by sand gravel and clay 
with increasing hardness down to about 20 m, overlying ‘very hard clay gravel boulder stone’. 
No LVL or borehole information from the 3D seismic survey campaign was available in this 
area, however, the general trend over the wider survey of two refractors, the first around 5 to 
12 and the second around 17 to 30 m is considered.

Figure 3.8. Location of MASW measurement at L003 (red dashed square). The PNR site along with 3, 5, 10 km zones around 
it are shown (dashed concentric rings). The base-map is the BGS superficial deposit map: green is blown sand; light blue is 
till; brown is peat and cream is alluvium. Built-up areas are highlighted by cross-hatched regions. Inset: Location of MASW 
measurement points (circles) and surrounding region.
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Figure 3.9. MASW line at site L003 (red circles mark end points). The SOBI borehole log locations considered in the 
analyses are indicated with purple circles. The background is the BGS superficial geology map. The highlighted SOBI 
locations indicate those in the text.

Figure 3.10. 24 geophone records (bottom nearest source), with 2 m spacing at site L003.
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Figure 3.11. Dispersion plot for the MASW line at L003 with 2 m spacing and 5 m shot offset. The spatial aliasing limit is 
shown by the black line.

The recorded MASW data for L003 are shown in Figure 3.10 and the dispersion in Figure 3.11.

3.1.3 Site  L009
Site L009 lies on blown sand deposits (Figure 3.12) and is around 6 km from the PNR site. 
Two borehole lithological logs were located in the SOBI within 250 m of the measurement 
site, which indicate the site comprises of mostly sand and sandy clay down to 26 m, where the 
boreholes end. One MASW line was measured with 3 m geophone spacing (69 m total length). 
Various shot offsets were used, with the optimal location (based on visual inspection of the 
traces and dispersion) being offset 5 m from the first geophone. The recorded MASW data are 
shown in Figure 3.13 and the dispersion in Figure 3.14.
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Figure 3.12. Location of MASW measurement al L009 (red dashed square). The PNR site along with 3,5,10 km zones around 
it are shown (dashed concentric rings). The base-map is the BGS superficial deposit map: green is blown sand; light blue is 
till; brown is peat and cream is alluvium. Built-up areas are highlighted by cross-hatched regions. Inset: Location of MASW 
measurement points (circles) and surrounding region.

Figure 3.13. 24 geophone records (bottom nearest source), with 3 m spacing at site L009.
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Figure 3.14. Dispersion plot for the MASW line at L009 with 3 in spacing and 5 m shot offset. Aliasing limit is shown by the 
black line.

3.2 Shear-Wave Velocity Model for Selected PNR sites

3.2.1 Till deposit sites (L001)
Using the available lithological logs for site L001, along with the Rayleigh wave dispersion 
(Figure 3.7, Section 3.1.1) an initial model layering was defined (with tolerance of ±2 m, 
increasing to ±4 m at depth) for the inverted subsurface profiles. The fundamental mode 
Rayleigh dispersion was inverted (Figure 3.15) to provide Vs following the approach detailed 
in Wathelet (2008) and Wathelet et al. (2004). through software ‘dinver’ (part of the geopsy 
programme package). Poisson’s ratio was allowed to vary between 0.2 and 0.5, Vp was allowed 
to vary between 80 and 5000 m/s, Vs between 50 and 1500 m/s (i.e., velocity was almost 
unconstrained) and density was set at 2000 kg/m3 The most sensitive parameter in the inversion 
of Rayleigh wave dispersion is Vs, with Vp and density poorly resolved. In addition to the 
lithologically based model, a simple model with 5 m layers is presented (Figure 3.16).

In Figure 3.15 the full suite of inverted dispersion curves is shown. The ‘best fitting’ models 
encapsulating the observed dispersion (misfit < 0.05) are shown in terms of the corresponding 
Vs in Figure 3.16. Note the change in colour scale.
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Figure 3.15. Inverted dispersion for site L001 using the lithological based layering. The black symbols indicate the picked 
dispersion from Figure 3.7, while the coloured lines indicate the dispersion corresponding to the full suite of randomised 
velocity profiles. The best-fitting (misfit < 0.05) Vs models are presented in Figure 3.16.

Figure 3.16. Inverted ground profile (Vs) for site L001 using the lithological based layering (left) and 5m layering (right).

50



WP2 - Impacts of Seismicity: Transmission
to People, Property and Well Integrity

ISEIS-HC-RP-JJB-OGA_WP2

This site exhibits slowly increasing velocity with depth (Figure 3.17), from values around 180-
200 m/s 

 
at the surface, to 300-400 m/s at or around 30 m. A first possible refractor is evident 

at around 5 - 6 m, consistent with the LVL survey data, with a second possible at around 16 m. 
A clear interface is evident at around 29 - 32 m consistent with the transition from till to 
mudstone in the lithological logs. The velocity of the mudstone is poorly constrained, but is 
likely to be above 600 m/s.

Figure 3.17. Mean and standard deviation assuming normal distribution (from all models using the lithological layering with 
misfit < 0.05, Figure 3.16, black) and the best-fitting single model (red) for site L001. Note that the resolution below 30 m is 
very poor and therefore Vs unreliable.

3.2.2 Peat/Alluvium Deposit Sites (L003)
At L003, only the fundamental mode dispersion was evident and was therefore used as the 
inversion target. Using the available lithological logs for site L003, along with the Rayleigh 
wave dispersion (Section 3.1,2) an initial layering was defined (with tolerance of ±2 m, 
increasing to ±4 m at depth) for the inverted subsurface profiles. As for all sites, Poisson’s ratio 
was allowed to vary between 0.2 and 0.5, Vp was allowed to vary between 80 and 5000 m/s, 
Vs between 50 and 1500 m/s (i.e., almost unconstrained) and density was set at 2000 kg/m3 In 
addition to the lithologically based model, a simple model with 5 m layers is presented.

In Figure 3.18 the full suite of inverted dispersion curves is shown. The ‘best fitting’ models 
(misfit < 0.07, encapsulating the empirical dispersion curve) are shown in terms of the 
corresponding Vs in Figure 3.19. Note the change in colour scale.

51



WP2 — Impacts of Seismicity: Transmission
to People, Property and Well Integrity

ISEIS-HC-RP-JJB-OGA_WP2

The profile in this case shows evidence for a small increase in Vs at about 6 m and again at 15 
- 17 m (as for the previous site). The deeper 30 m refractor (as obseved at the previous site at 
around 30 m) is not resolved, however, the uncertatines at increase significantly from about 25 
m (Figure 3.20), slightly shallower than at site L001.

Figure 3.18. Inverted dispersion for site L003 using the lithological based layering. The black symbols indicate the picked 
dispersion from Figure 3.11, while the coloured lines indicate the dispersion corresponding to the fall suite of randomised 
velocity profiles. The best-fitting (misfit < 0.07) V5 models are presented in Figure 3.19.
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Figure 3.19. Inverted ground profile (Vs) for site L003 using the lithological based layering (left) and 5m layering (right).

Figure 3.20. Mean and standard deviation assuming normal distribution (from all models with misfit < 0.07, black) and the 
best single model (red) for site L003. Note that the resolution below 30 m is very poor and therefore Vs unreliable.
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3.2.3 Blown sand deposit sites (L009)
At site L009 only the fundamental dispersion curve was observed using the MASW. Using the 
available lithological logs for the site, along with the Rayleigh wave dispersion (Section 3.1.3) 
an initial layering was defined (with tolerance of ±2 m, increasing to ±4 m at depth) for the 
inverted subsurface profiles. In this case, since no basement rock was evident in the logs, we 
allow for a final layer at anywhere below 20 m. Poisson’s ratio was again allowed to vary 
between 0.2 and 0.5, Vp was allowed to vary between 80 and 5000 m/s, Vs between 50 and 
1500 m/s (i.e., almost unconstrained) and density was set at 2000 kg/m3. In addition to the 
lithologically based model, a simple model with 5 m layers is presented.

In Figure 3.21 the full suite of inverted dispersion curves is shown. The ‘best fitting’ models 
(misfit < 0.06) are shown in terms of the corresponding Vs in Figure 3.22. Note the change in 
colour scale. The average model, based on the lithological layering is shown in Figure 3.23 and 
essentially comprises of two layers with an interface at around 13 m.

Figure 3.21. Inverted dispersion for site L009 using the lithological based layering. The black symbols indicate the picked 
dispersion from Figure 3.14, while the coloured lines indicate the dispersion corresponding to the full suite of randomised 
velocity profiles. The best-fitting (misfit < 0.06) Vs models are presented in Figure 3.22.
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Figure 3.22. Inverted ground profile (Vs) for site L009 using the lithological based layering (left) and 5m layering (right).

Figure 3.23. Mean and standard deviation assuming normal distribution (from all models with misfit < 0.06, black) and the 
best single model (red) for site L009. Note that the resolution below 30 m is very poor and therefore Vs unreliable.
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3.3 Vs30 for PNR sites
Using the shear-wave velocity profiles estimated in the previous section we can directly 
calculate travel time average velocity to depth x using:

 
  "i=ly .

yS,l  
(19) 

where there are N layers, with defined thickness of the ith layer hi, and shear-wave velocity 
Vs,i. The 30 m shear-wave velocity profile is therefore discretised in to N layers of constant 
velocity and Vs30 calculated. Since a range of possible models are produced (within a defined 
misfit) an uncertainty on Vs 30 is obtained in terms of its standard deviation.

An alternative method to estimate Vs30 is based on correlations to the dispersion of Rayleigh 
wave phase velocity of the 40 - 45 m wavelength signal, Vr ,40-45, approximated by:

VS3O = Vr ,40-45 (20)

(Foti et al., 2017). Generally, VR,40 is more appropriate at sites with shallow groundwater, as 
expected here. Table 3.1 summarises the Vs30 values using the various approaches detailed 
above. Covering the range of Vs30 values, we defined three equally spaced values for scenario 
calculations as 200, 240 and 280 m/s.

Table 3.1. Vs30 values (mean and plus/minus one standard deviation).

Surface 
Deposit

Lithological 
Depths

Site Vs 30 from
VR40-45

Vs30 
from 

Vs(z) 
(median)

Vs30 from
Vs(z)
(16th - 

percentile)

Vs30 from
Vs(z)
(84th - 

percentile)
Till Yes 

No
L001 269.0 257.1 

249.7
251.7 
247.6

264.4 
252.8

Alluvium
/Peat

 Yes 
No

L003 244.3 240.0  

234.0

237.3 
233.3

244.3 

235.7
Sand Yes L009 213.3 205.3 

195.5
203.3 
194.1

205.5 
196.0

In order to define a spatially variable Vs30 map, extending the MASW-based measurements in 
Table 3.1, we have determined horizontal-to-vertical (H/V) spectral ratios (HVSR) using 
ambient seismic noise (Haghshenas et al., 2008) at each of the surface seismometer sites. 
HSVR are determined (Figures 3.24 - 3.26) by computing the ratio of horizontal and vertical 
Fourier spectral amplitudes of ambient vibrations (i.e., non-earthquake signals) averaged over 
many time-periods. Here we use 2 minutes of data between 0230 and 0232, averaged over 
several days (specifically all days where seismic events were registered by the BGS).
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From each of the HSVR the first clear peak is considered the fundamental resonance frequency 
of the site (f0), and this can be related to a simple model for resonance in a layer-over-halfspace:

fO =Ä
' 4H (21)

where Vs is the velocity of the layer (overlaying the bedrock) and H is the depth to the bedrock 
(Hassani and Atkinson, 2016). We take estimates of bedrock depth from the BGS superficial 
deposits thickness model (Figure 3.27). Vs30 (Table 3.2) can then be calculated by assuming a 
bedrock shear-wave velocity (Vsb), here assumed to be 1500 m/s:

”s30 — i ma
30
x(0,30-H) 

4f° Vsb

(22)

Figure 3.27. Mean depth to bedrock (in m) based on the BGS ‘superficial deposits thickness model 1 km hex grid’.
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An effective approach to map Vs30 is through the proxy of surface geology (Wills and Clahan, 
2006). We compare the Vs30 calculated from f0 and bedrock depth (Table 3.2) with surface 
geology (Figure 3.28). In addition to the values presented in Table 3.2, we also present values 
estimated from an empirical f0 proxy presented by Hassani and Atkinson (2016) for sites in 
eastern and northern North America (legend: ‘Atkinson f0 proxy’). Additionally, to represent 
the uncertainty in bedrock depth, we also estimate Vs30 assuming that the bedrock is uniformly 
at 30 m depth, rather than the values taken from the BGS superficial geology model (legend: 
‘H=30m’).

Figure 3.28. Estimated and measured Vs30 grouped by superficial geology. Error bars are provided for the empirical Vs 30 f0 
proxy (Hassani and Atkinson, 2016) and based on the lower- and higher-estimates of f0 from Table 3.2. The horizontal coloured 
lines indicate superficial geology and correspond to the geological maps presented earlier — beige: alluvium; green: blown- 
sand; brown: peat; blue: till.

It is clear from Figure 3.28 that the Vs30 values estimated from f0 are close to those measured 
(both directly, and through the dispersion proxy) at the three sites (L009, L003 and L001 : see 
Section 3.2). For sites with superficial geology defined by alluvium or blown sand we observe 
little variability, and a (log) average Vs30 = 189 m/s. Sites comprised of till or peat superficial 
deposits show wider variability, in the case of till sites ranging from around 110 to 600 m/s. 
The average Vs30 for the peat sites was 248 m/s, while for till sites the average was 233 m/s. 
These average values (approximately 190, 230 and 250 m/s) correspond well to the measured 
values at the corresponding sites (Table 3.1). Based on the BGS superficial geology map, we 
have characterised the area into Vs30 zones of 1 km2 (Figure 3.29). While this is coarse (and 
indeed misses some of the finer geological features) there are two justifications for not using a 
finer grid. The first is the uncertainty on the Vs30 values based on geology in the case of peat 
and, in particular, till, is large. Secondly, the grid is then consistent with the risk calculations 
performed later, as detailed in Section 5.
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Figure 3.29. Vs30 map at 1 km2 resolution for the PNR region overlying the BGS superficial deposit map.
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4. Induced Events and Ground Motions Observed at PNR
A total of 192 events (-1.7 ≤ ML ≤ 2.9) were detected during routine monitoring at Preston 
New Road during October 2018 - October 2019. 57 seismic events (-0.8 ≤ ML ≤1.5) were 
detected in close proximity to the PNR-1z site by the BGS during the period 15th October to 
17th December, 2018 (Figure 4.1, Figure 4.2). A further 135 events (-1.7 ≤ ML ≤ 2.9) were 
detected close to the PNR-2 well during the period 15th August to 6th October, 2019 (Figure 
4.1, Figure 4.2).

Figure 4.1. Timeline for the PNR induced events indicating the TLS magnitude categories (note this does not distinguish 
pumping and trailing events as required in the TLS event classification). Left: PNR-1z (2018); right PNR-2 (2019).

Previous activity in the area was almost negligible: although the magnitude of completeness 
for most of the UK is around ML 2, the monitoring networks were in place prior to the onset of 
hydraulic fracturing. The events detected at the surface were clearly, therefore, a direct result 
of the operations at PNR. In addition to these events detected at the surface, thousands of 
additional micro-seismic events (Ml  < 0) were detected and located by the operator using a 
downhole instrument array. However, these are not the focus of this analysis, as they are too 
small to be of any interest to seismic hazard, at the surface or at depth. Important to note is that 
the magnitude of completeness of the surface seismic network is around ML 0 (pers. comm. 
BGS). It is therefore not unlikely that additional events may be detected that fall into the TLS 
amber category (e.g., during particularly noisy time periods). Nevertheless, the 192 events 
catalogued to date provide ample data to analyse in order to assess the ground shaking within 
the context of seismic hazard and model performance for possible future scenario events. In 
the following section we detail the analysis performed on the data recorded at the surface, and 
the available macroseismic information based on ‘did-you-feel-it?’ reports.
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Figure 4.2. Overview of PNR seismicity (inset figures show PNR-1z and PNR-2 seismicity independently) in addition to the 
wider region’s historical seismicity and the monitoring networks in place (yellow/orange: Cuadrilla; Green: University of 
Liverpool; Blue: BGS). Detected seismic events are shown according to their TLS magnitude category, as in Figure 1.1, apart 
from events ML 2.5 or greater, which are indicated by stars. Note PPV stations are not used in this analysis due to concerns as 
to their reliability (Bommer and Edwards, 2018).

4.1 Macroseismic Data for the Events
The British Geological Survey regularly provide macroseismic intensity (see Section 2.4.1) for 
UK earthquakes. These intensity estimates, which aim to quantify the potential ‘felt effects’ 
and damage from earthquakes are based on (i) ‘did-you-feel-it?’ web questionnaires submitted 
to the BGS (www.earthquakes.bgs.ac.uk/questionnaire/EqOuestlntro.html) and sometimes, in 
the case of larger events, (ii) damage surveys. In addition, macroseismic intensity can be 
estimated using equations that link recorded motions (GMICE, see Section 2.4.2) or to 
magnitude (e.g., Musson, 2003).

For the two largest events that occurred during hydraulic fracturing of PNR-1z, macroseismic 
intensities were assigned by the BGS (Table 1.1). Both events were assigned European 
macroseismic intensity II, which equates to “Scarcely felt - Felt only by very few individual 
people at rest in houses”. Five of the largest events (1.0 ≤ Ml  ≤ 2.9) from the seismicity at 
PNR-2 were assigned intensities, along with a ML 0.5 event (Table 1.1, 1.2). Intensity VI 
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(slightly damaging) was assigned to the ML 2.9 event, with IV being assigned to the second 
largest, Ml  2.1 earthquake. Of particular interest is the intensity for the Ml  2.9 event, which 
was widely felt in the epicentral region. Based on data presented by Baptie (2019), the intensity 
map is shown in Figure 4.3, with the number of contributing reports in Figure 4.4.

Figure 4.3. Macroseismic intensity in a 2 km grid based on ‘did-you-feel-it?’ reports (Baptie, 2019).

Figure 4.4. Number of observations of macroseismic intensity in a 2 km grid based on ‘did-you-feel-it?’ reports (Baptie, 2019).
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In order to supplement this data, we have collated all maximum intensity estimates for shallow 
(depth < 5 km) UK earthquakes from the BGS macroseismic intensity database (Figure 4.5). 
These data include, for instance the recent Newdigate seismic sequence in 2018 and 2019 that 
comprised of tightly clustered events at about 2 km depth (Hicks et al., 2019). This shows that 
previous events in the ML 1 to 1.5 range have been assigned intensities of between II (the lowest 
that is assigned), and IV+, with ‘+’ indicating a mid-way point between two intensities. 
Intensity V and VI are considered the threshold of minor cosmetic damage (DS1) in the EMS-
98 scale [differentiated partly by the occurrence of DS1 in few and many class A or B structures, 
respectively (with unreinforced brick structures typical to the UK in the less vulnerable class 
B)]. It can therefore be generalised that shallow events with ML ≤ 1.5 (the largest event 
associated with PNR-1z) have not previously been associated with damage. For the larger 
events of PNR-2 (Ml  2.1 and 2.9), we observe that, apart from one obvious outlier (intensity 
VIII), only one previous event in this range was assigned VI (both discussed later in this 
section). Several are assigned V or V+, but these are all at the high end of the range. Looking 
at deeper events (not plotted here) there are some assigned VI however all of these are historical 
records, which are significantly more unreliable than modem records.

Figure 4.5. Epicentral intensity for UK events with shallow focal depths (D < 5 km) versus magnitude.

Figure 4.6. Epicentral intensity for UK events with ML 3 to 4 versus depth.
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There appears to be no clear depth dependence on the intensity values (Figure 4.5, with 
decreasing depth to 2 km). This may give some support to the fact that shallow focus 
earthquakes have lower stress drops than larger events (Hough, 2014), since otherwise we 
would expect higher intensities for increasingly shallow events. However, looking at intensities 
for deeper events within a defined magnitude range of 3 to 4 (Figure 4.6), we observe an 
apparent increase of epicentral intensity for sources with depth less than 5 km. It should be 
noted again, however, that the highest intensities often correspond to historical events with 
highly uncertain depths (and intensities), therefore this apparent trend is debatable. Whether 
depth dependent stress drop for UK events is an issue is therefore not clear. What can be 
generalised from this data, however, is that for events with ML 3 to 4 we expect higher 
intensities (generally IV to VI) for shallow induced events, than for tectonic events (which 
typically occur around 10 km depth). Intensity V and VI would imply strong shaking through 
to many unreinforced buildings with minor cosmetic damage, respectively. For induced events 
with ML < 3 macroseismic intensity is unlikely to exceed V+ based on existing data. The 
assignment of intensity VI to the ML 2.9 event is therefore clearly at the high-tail of the 
distribution of intensity for previous shallow events of this magnitude and more consistent with 
larger events.

Outlier observations exist that are of interest in Figures 4.5 and 4.6. The first is an intensity VII 
event in Figure 4.6. This was a M 3.3 earthquake in Mansfield on 04/04/1924 (Figure 4.7). Its 
intensity has been assigned through historical documents and reports and may therefore be less 
reliable than more recent data. Its intensity of VII indicates that it was damaging with “many 
well built ordinary buildings suffering moderate damage: small cracks in walls, fall of plaster, 
parts of chimneys fall down; older buildings may show large cracks in walls and failure of fill- 
in walls.” This event occurred after a similar sized event in the same location the previous 
month (06/03/1924), which may have weakened some vulnerable structures and led to the 
higher than expected epicentral intensity. Compounding of reported effects for these closely 
spaced events may also have led to the appearance of more significant damage for the later 
event. A M 2.2 event with intensity VIII is also of interest. This event occurred in Barrow-in- 
Furness on 1865-02-15 and led to heavy damage in the village of Rampside and liquefaction 
in the tidal area according to Musson (1996). Musson (1996) assigns a magnitude of ML 2.5 to 
3.5. This is, however, highly unusual for such as small event (as noted by the author himself), 
which opens the question as to whether, for instance, the assigned magnitude is too low. In 
fact, the intensity VIII assignment is highly contentious, with Green and Bommer (2019) 
recently challenging the interpretation of this event. This led to a robust exchange documented 
in a response by Musson (2019) and follow up by Green and Bommer (2020). Finally, the M 
2.6 event with intensity VI was the 1750-02-08 event that occurred in London. This was a very 
shallow event (2 km) that occurred in a densely populated area with likely mixed levels of 
construction quality (although, strictly speaking, this should be accounted for when assigning 
intensity), which may therefore be attributed to its high intensity.
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Figure 4.7 Epicentral intensity for the M 3.3 Mansfield earthquake. Image source: BGS

4.2 Surface Ground Motion Recordings from PNR Events
In total 26 seismometers were in operation within 25 km of the PNR site. Nine were operated 
by the BGS, 9 by the University of Liverpool (UoL) and 8 by the operator (Figure 4.2). The 
instruments were all high-quality broadband sensors with data recorded on high dynamic range 
digital dataloggers. BGS and UoL operated continuous datalogging at 100 sample per second 
on 24-bit instruments. The operator recorded at 200 sps, which technically allows higher 
frequency signals to be observed. However, most of this signal is dominated by noise for 
surface records. UoL operates Nanometrics 3-component Trillium compact 120 broadband 
instruments, while BGS use 3-component Guralp broadband sensors. All these sensors can be 
considered to produce equivalent scientific-quality records. The station distribution is 
dominated by the operator’s instruments in the nearest 5 km, with BGS and UoL having a more 
disperse network over a 20 km radius.

Data from the 192 events recorded on 26 seismometers (a total of 4992 3-component records) 
has been reviewed through visual inspection. In case there was a clear uncorrupted signal the 
record was retained for further analyses: 758 of the PNR-1z records passed this initial 
inspection, while 947 of the PNR-2 records passed, a total of 1705 three-component records. 
The resulting dataset is relatively uniform in terms of distance coverage between local 
magnitude -0.5 and 2.9 and epicentral distances 1 to 20 km (Figure 4.8). The smallest events 
(ML < -0.5) tend only to be recorded at very close distances.

While the data is visually acceptable, it is important to define usable frequency ranges for each 
of the records. This is achieved through signal-to-noise ratio (SNR) analysis, whereby a pre-
event portion of the time-series signal is compared to the event waveform in the Fourier 
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(frequency) domain. The continuous frequency range where the signal exceeds the baseline 
noise level by a factor 3 is considered the usable Fourier domain frequency range (flow to fhigh) 
(Figure 4.9). Plots of the time series, FAS, response spectra, and corresponding usable 
frequencies and periods are included in Appendix B.

Figure 4.8. Distribution of ‘usable’ data in terms of distance and magnitude.

Figure 4.9. Example SNR analysis of a record of the 2018-12-11 11:21 ML 1.5 event. Top left: waveform indicating pre-event 
noise (red) and cumulative Arias intensity (yellow) along with filtered record (grey). Top right: Fourier amplitude spectrum 
of acceleration time series (black) and of only the noise (red). Blue and red dotted vertical lines indicate usable range flow to 
fhigh. Bottom: 5% damped response spectrum of the acceleration time series (solid black line) along with usable period range 
Tmin (red) to Tmax (blue). The dotted black line is the response spectrum of the filtered time series
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Figure 4.10. Number of usable records at selected oscillator periods.

Based on the SNR analysis, the usable period range for the response spectrum can be defined, 
which is not equivalent due to the complex interaction of input and oscillator motion (Bora et 
al., 2016). Based on analyses by Akkar and Bommer (2006) and Boore and Douglas (2011) we 
define the usable period range as Tmax = 0.8/flow and Tmin = 0.01 s (assumed equivalent to PGA) 
respectively. Records with fhigh < 10 Hz are discarded. For valid PGV we additionally require 
Tmax >0.1 and fhigh/flow > 2.

Since the events here are mostly small magnitude (the majority are ML < 1), they are dominated 
by high-frequency (f > 5 Hz) signals. The usable period range is therefore limited, with no data 
for T > 2s (Figure 4.10). A table of usable frequency range for each record is included in 
Electronic Appendix C.

4.3 Assessment of Predictive Models for PNR Ground Motions
All ground motions (within their usable period limits) have been compared to the predictions 
from GMPEs of Atkinson (2015) and Douglas et al. (2013) (see Section 2.3.1). Both GMPEs 
require moment magnitude (M) rather than Ml . as available for the PNR events (see Section 
2.2.1). Two conversion equations have been tested: Edwards et al. (2015) (as proposed in 
Section 2.2.1 for this magnitude range) since it is very similar to the empirical data from PNR- 
lz presented by Cuadrilla Resources (2019b), and Grünthal et al. (2009), which is based on 
tectonic European events. An example is shown for the ML 1.5 event in Figure 4.11.

In order to assess the full dataset, residual plots are presented (log-observed minus log-
predicted spectral ordinate), using both GMPEs along with the conversion equations from ML 
to M of Grünthal et al. (2009) and Edwards et al. (2015). In the following only PGA, PGV and 
0.3s PSA are presented for brevity. It should be noted that the Atkinson (2015) GMPE was 
calibrated only down to M = 3. We are therefore relying on a significant extrapolation in 
predicting motions at PNR. The Douglas et al. (2013) model was calibrated using data down 
to M = 1, and so relies on less extrapolation, but predictions below M = 1 should still be viewed 
with caution.
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Figure 4.11. Example of recorded geometric mean horizontal PGV data (blue) and the model of Atkinson (2015) (orange, 
square: median; line: plus/minus one sigma). Assuming a conversion to M from ML using (top) Grünthal et al. (2009) and 
(bottom) Edwards et al. (2015).
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4.3.1 Atkinson (2015) GMPE using Grünthal et al. (2009) M
In general, the Atkinson (2015) GMPE along with the Grünthal et al. (2009) ML to M 
conversion leads to systematic underprediction of up to a log 10 unit (i.e., factor of 10) for all 
but the longest periods (T ≥ 0.3 s). The underprediction decreases with increasing magnitude, 
distance and period, but always leads to biased residuals (Figures 4.12 - 4.14).

Figure 4.12. Residuals (observed - GMPE) for PGA using the Atkinson (2015) GMPE with Grünthal et al. (2009).
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Figure 4.13. Residuals (observed - GMPE) for PGV using the Atkinson (2015) GMPE with Grünthal et al. (2009).

Figure 4.14. Residuals (observed - GMPE) for 0.3s PSA using the Atkinson (2015) GMPE with Grünthal et al. (2009)
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4.3.1 Atkinson (2015) GMPE using Edwards et al. (2015) M
Using the ML to M conversion of Edwards et al (2015) the predictions of the Atkinson (2015) 
GMPE are closer to the observed values, with residuals broadly centred for distances greater 
than a few km and ML > 0.5. Mid- to long-period motions (e.g., T = 0.3 s) are somewhat over-
predicted across the range of magnitude and distance available in the observed data. Short to 
mid-period motions (including PGA, PGV) tend to show a rapid decay in the first few 
kilometres, with these motions tending to be underpredicted by the model (Figures 4.15-4.17). 
We note significant outliers in Figure 4.15 and 4.16 (almost a factor 100 above the prediction, 
or around six standard deviations according to Atkinson, 2015). These residuals correspond to 
two very small events (Ml  < -0.2) recorded at a relatively distant station (12 km away) and 
are likely to be noise contaminated (e.g., due to vibrations from a passing vehicle). Note that 
these residuals are present in all residual plots for PGA and PGV presented here (some points 
are off-scale in Figures 4.12 to 4.13).

Figure 4.15. As Figure 4.12, but using the Edwards et al. (2015) ML to M conversion.
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Figure 4.16. As Figure 4.13, but using the Edwards et al. (2015) ML to M conversion

Figure 4.17. As Figure 4.14, but using the Edwards et al. (2015) ML to M conversion.
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4.3.2 Douglas et al. (2013) GMPE using Grünthal et al. (2009) M
The Douglas et al (2013) GMPE using the Grünthal et al. (2009) based M exhibits the opposite 
behaviour to Atkinson (2015) for PGV, with significant and systematic overprediction in the 
magnitude-distance range available. However, for PGA the model is generally unbiased. For 
the longer period (T = 0.3 s) PSA, the motions tend to be systematically underpredicted.

Figure 4.18. Residuals (observed - GMPE) for PGA using the Douglas et al. (2013) GMPE with Grünthal et al. (2009).
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Figure 4.19. Residuals (observed - GMPE) for PGV using the Douglas el al. (2013) GMPE with Grünthal et al. (2009).

Figure 4.20. Residuals (observed- GMPE) for 0.3s PSA using the Douglas et al. (2013) GMPE with Grünthal et al. (2009)
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4.3.3 Douglas et al. (2013) GMPE using Edwards et al. (2015) M

Using the Edwards et al. (2015) ML to M conversion leads to worse residuals for PGA and 
PGV for the Douglas et al. (2013) model (Figures 4.21 - 4.23). However, the predictions at 
mid- to long-periods (e.g., T = 0.3 s) is in this case are broadly unbiased. A trend in the PGA 
residuals at very short distance [although weaker than seen using the Atkinson (2015) model] 
indicates rapid decay of the amplitudes with distance in the near-epicentre region, which is not 
captured in the models.

Figure 4.21. As Figure 4.18, but using the Edwards et al. (2015) conversion from ML to M.
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Figure 4.22. As Figure 4.19, but using the Edwards et al. (2015) conversion from ML to M.

Figure 4.23. As Figure 4.20, but using the Edwards et al. (2015) conversion from ML to M.
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4.3.4 Summary of Comparison
In summary, we conclude that the best overall approach for predicting ground motions from 
the combined PNR-1z PNR-2 seismicity dataset is to use the Atkinson (2015) GMPE along 
with the Edwards et al, (2015) M (see Section 4.3.1), None of the models tested provide 
unbiased predictions across all distances, magnitudes and periods. However, using the selected 
model the ground motions for ML > 0.5 are broadly unbiased apart from at short periods at 
short distances (R < 3 km). Neither the Atkinson (2015) nor the Douglas et al. (2013) models 
present unbiased residuals across the range of periods using the Grünthal et al. (2009) ML to 
M conversion equation. Differences of up to a factor of 10 in the median observed and median 
predicted ground motions are evident in this case. In particular the misfit of PGV is undesirable, 
since PGV is used to estimate intensity and is also used in British Standards to define acceptable 
vibration levels. The large misfit in some cases is at least in part due to the fact that the GMPEs 
are not calibrated at magnitudes as small as those at PNR so are technically not valid for such 
applications without careful adjustment. Part of this difference is also due to the conversion 
from ML to M, with the Edwards et al. (2015) estimating higher M (by about 0.3 units) for a 
given Ml . Their model was based on data from induced seismicity and focuses on events with 
ML < 2, whereas the Grünthal et al. (2009) model is based on data dominated by larger events 
with ML >2. Reasons for different conversions are due to differences in local attenuation or 
source effects.

Despite the Atkinson (2015) model being based on data M > 3, it performs somewhat better 
over a wide magnitude, distance and period range. This may be due to the fact that Atkinson 
(2015) used a more complex functional form, including an M2 term and magnitude dependent 
near-field saturation of ground motions. Douglas et al. (2013) only account for linear M 
dependence and have no magnitude dependence in the near-field saturation term. The quadratic 
term captures more complex magnitude scaling behaviour, and therefore leads to better 
extrapolation and calibration potential. The PNR ground motions may be characteristically 
different to those modelled by Douglas et al. (2013). This could, for instance, be due to site 
effects (e.g., resonance, see Section 2.2.3) or source effects (e.g., high or low stress drop, see 
Section 2.2.4).

Based on these observations, while noting the limitations of comparing predictions outside the 
valid range, we make the following recommendation for predicting larger magnitude events at 
PNR.

• The Atkinson (2015) model should be used along with the ML to M conversion of Edwards 
et al. (2015) as the basis for predicting ground motions from small events (ML < 1.5).

• The Atkinson (2015) GMPE should be calibrated (e.g., Bommer et al., 2006; Atkinson, 
2008) to minimise any bias in the predictions at small magnitudes (such as at short distance 
and short period): see Section 4.5.

• Above ML 2.5, the Grünthal et al. (2009) Ml  to M model should be used since it known to 
work well for UK events in this range (Rietbrock and Edwards, 2019). A transition between 
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the conversions in the range Ml  1.5 to 2.5 should be included to avoid a step in the Ml  to 
M conversion relation (Figure 2.5).

The calibration of the Atkinson (2015) model to the PNR data at low magnitude, while 
retaining its predictions for larger events, is presented in Section 4.5. The approach suggested 
here will result in predictions for Ml  ≤ 2.9 that are unbiased with respect to recorded data at 
PNR. It also ensures that predictions at Ml  > 2.5 are well calibrated to data (albeit natural 
earthquakes) and use a Ml  to M relation that has been shown to be suitable across the UK and 
Europe in the ML > 2 range. In the case that enough locally recorded events become available 
in the higher magnitude range (Ml  > 1.5) and the data support a revision to the approach above, 
the transition points between the two conversion relations can simply be revised, whilst 
maintaining the same rationale.

4.4 Comparison of Observed Motions with Anthropogenic Sources of Vibration
Ground motions can be compared against other anthropogenic sources of vibration as a means 
to provide a context for the level of shaking. Construction sites and other industrial activities, 
for instance, generate vibrations which are limited by thresholds defined in British Standards. 
In addition, everyday activities, from dropped objects to desk fans and coffee machines, 
generate vibrations. Figure 4.24 shows a variety of shaking levels for anthropogenic sources, 
along with those recorded at the PNR site for the more ‘moderate’ ML 1.1 and 1.5 events. 
Generally, the motions can be considered as almost imperceptible and well below the level of 
vibration that people experience going about everyday activities.

British Standard 6472 (BSI, 2008) lays out a range of acceptable maximum levels of PGV for 
blast-type vibrations (no more than three per day), which is appropriate for induced seismicity 
(Table 4.1). For residential properties a PGV of 6 - 10 mm/s are deemed acceptable during the 
day, reduced to 2 mm/s at night. A scaling factor is provided to reduce the acceptable levels 
when more than 3 ‘events’ (i.e., in this case felt earthquakes) per day are expected.

British Standard 7385-2 (BSI, 1993) defines acceptable thresholds for vibration and the levels 
at which cosmetic damage may occur (Figure 4.25). Finally, BS 7385-2 notes that the 
probability of damage approaches zero at PGV of 12.5 mm/s, consistent with the ShakeMap 
intensity IV (light shaking, no damage). British Standard 5228-2 (BSI, 2014) notes that minor 
damage is possible at vibration amplitudes which are greater than twice the threshold for 
cosmetic damage, and major damage to a building structure can occur at values greater than 
four times these values.
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Figure 4.24. Examples of thresholds for tolerable motions defined in terms of PGV and the dominant frequency of the shaking 
due to blasting (left; USAGE, 1972), traffic (middle; Bameich, 1985) and pile-driving (right; Athanasopoulos and Pelekis, 
2000) and PGV from the PNR dataset (blue squares). Modified from Bommer et al. (2006).

Definitions of damage categories are presented in British Standard ISO 4866 (BS1, 2010), 
where:

• Cosmetic: the formation of hairline cracks on drywall surfaces, or the growth of existing 
cracks in plaster or dry wall surfaces; in addition, the formation of hairline cracks in mortar 
joints of brick/concrete block construction. This is roughly equivalent to damage state 1 
(DS1, see Section 2.6).

• Minor: the formation of large cracks or loosening and falling of plaster or drywall surfaces, 
or cracks through bricks/concrete blocks. This is roughly equivalent to DS2.

• Major: the damage to structural elements of the structure, cracks in support columns, 
loosening of joints, splaying of masonry cracks, etc.
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Table 4.1. From British Standard 6472-2 (BSI, 2008b). Maximum satisfactory magnitudes of vibration with respect to human 
response for up to three blast vibration events per day.

Place Time Satisfactory 
magnitude A) ppv 
mms-1

Residential
Day D)
Night D)
Other times D)

6.0 to 10.0c)
2.0
4.5

Offices B) Any time 14.0

Workshops B) Any time 14.0
NOTE 1 This table recommends magnitudes of vibration below which 
the probability of adverse comment is low (noise caused by any structural 
vibration is not considered).

NOTE 2 Doubling the suggested vibration magnitudes could result in 
adverse comment and this will increase significantly if the magnitudes 
are quadrupled.

NOTE 3 For more than three occurrences of vibrations per day see the 
further multiplication factor in 5.2.
A) The satisfactory magnitudes are the same for the working day and the rest 

of the day unless stated otherwise.
B) Critical working areas where delicate tasks impose more stringent criteria 

than human comfort are outside the scope of this standard.
C) Within residential properties people exhibit a wide variation of tolerance to 

vibration. Specific values are dependent upon social and cultural factors, 
psychological attitudes and the expected degree of intrusion. In practice 
the lower satisfactory magnitude should be used with the higher magnitude 
being justified on a case-by-case basis.

D) For the purpose of blasting, daytime is considered to be 08h00 to 18h00 
Monday to Friday and 08h00 to 13h00 Saturday. Routine blasting would 
not normally be considered on Sundays or Public Holidays. Other times 
cover the period outside of the working day but exclude night-time, which 
is defined as 23h00 to 07h00.

Figure 4.25. British Standard 7385-2:1993 PPV (component) thresholds for cosmetic, minor and major damage
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4.5 Calibration of a PNR-specific GMPE
While the Atkinson (2015, hereinafter A15) GMPE is designed for induced seismicity, and is 
therefore an obvious choice for the application at PNR, it is nevertheless based on data from 
potentially very different and diverse geological settings. Furthermore, the magnitude range of 
this model is M = 3 and above - as dictated by the dataset used in its derivation. Application 
to events of smaller magnitude relies on extrapolation, which cannot be guaranteed to work 
well. As shown in the Section 4.3, the model performs reasonably well, despite these 
limitations. However, systematic differences between the model predictions and the PNR data 
are apparent. One typical approach when dealing with local seismicity, is to calibrate a base 
GMPE such that it predicts ground motion data available in the target region with minimum 
bias, sometimes referred to as the ‘referenced empirical approach’ (Atkinson, 2008). Such 
adjustment can also take into account the following:

a) Potentially lower stress drop sources for induced (shallow) events (Hough, 2014): the A15 
model is designed for induced events (by making use of low M, short R data), but still 
makes extensive use of deeper tectonic events

b) The more rapid decay of motions in the near-field (distances less than a few km), which 
may arise due to strong attenuation effects as waves propagate at shallow depths.

The calibration is performed through mixed-effects regression and residual analysis:

1. Determine logarithmic residuals between the recorded data (PGV, PGA, PSA) and the A15 
predictions (see Section 4.3). Here we use site-specific Vs30 and compute non-linear 
amplification factors using the Boore et al. (2014) model, as per the approach suggested by 
Atkinson (2015). In doing this we assume that the Boore et al. (2014) amplification model 
is consistent with the site conditions present at PNR

2. Fit the residuals (Figures 4.26,4.27) using a linear mixed-effects regression with parametric 
form as defined by Atkinson (2015):

X = bc0 + AqM 4- Ac 2M2 + Ac 3 log10 R + Be + VKS.  (23) 

With X here the (log10) residual for a given spectral ordinate, M the moment magnitude and 
R, an effective distance, defined as: 

R= Itfyp + max(l,10-°-28+019M)2.  (24) 

Note that this is the ‘alternative’ formulation for R defined by Atkinson (2015), and 
subsequently recommended by the author for application (Atkinson, 2020). Be are event-
specific random effects with a prior belonging to a normal distribution defined by N(0,τ) 
and Ws are station-specific random effects with prior distribution defined by N(0, φ). In 
the calibration framework adopted here, a constraint is applied that the adjusted GMPE 
should converge to the original model for M = 4.5 at Rhyp = 20 km, roughly the mid-point 
of the dataset used in the derivation of the original model.
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3. Adjust the GMPE coefficients (period by period) using di = ci + Δci, and, interpolating

between M = 3.0 to 4.5, 
M—4.5

 pi = q -I------ -Ac,
3—4.5

, such that the calibrated model (A 15c) 

predictions, YA15c, are given by:  

Yii5c = d0 + d1M + d2M2 + d3 log10 R M < 3 
YA15c = p0 + P1M + p2M2 + p3 log10 R 3 < M < 4.5
YA15c = Kus = c0 + cxM + c2M2 + c3 log10 R M > 4.5

(25)

We use only data from events with M ≥ 1 (ML > 0.25) to make the calibration. The reason for 
this is threefold. Firstly, the data at M < 1 are more likely to be biased high (i.e., only the 
strongest records are recorded over the baseline noise), secondly the functional form of the 
GMPE may not be able to accommodate a wider range of M (Douglas and Jousset, 2011) and 
finally, such events are irrelevant from a seismic risk perspective. The adjusted model is 
therefore controlled by the original model for M>4.5, by local data for 1<M<3 and linearly 
interpolated between the two for 3<M<4.5.

The adjusted model provides unbiased predictions for periods between moment magnitude ~1 
to 3, and distances to 25km. The decay of PGA, for example, is much steeper in the calibrated 
model. The constraint successfully forces the calibrated model A 15c to return to the original 
model’s predictions for M > 4.5 (Figures 4.28, 4.29, 4.30). We consider this to provide 
conservative predictions (since the A15 model, in general, tends to predict conservative 
motions). This offers a suitable compromise to account for the fact that we are not considering 
epistemic uncertainty (alternative GMPEs) in extrapolating to larger magnitude scenarios. 
Comparing the calibrated and uncalibrated GMPEs against the largest events (Ml  1.5, 1.6, 2.1 
and 2.9), we observe a significantly improved performance (Figures 4.31,4.32).

We note that the calibration is not well constrained for the smallest magnitudes at moderate to 
large distances (R > 10-20 km) due to the absence of data - it is rather controlled by 
extrapolation of the functional form. While constraints could be added to ensure the calibrated 
predictions return to the original model for R > 20 km, this would not provide unbiased 
predictions to the PNR data without adjustment to the functional form (something which would 
require additional data across a wider range of magnitude and distances). In terms of random 
effects, which define the aleatory variability of the data, the results indicate variability is 
dominated by within-event terms, with between-event variability (τ) very small - consistent 
with the ‘single source’ model for earthquake ground motion variability (Lin et al., 2011; 
Atkinson , 2006). While we note that the number of events is too small to precisely determine 
τ, we can nevertheless use this as justification to reduce the between-event variability by one 
third (i.e., 0.67t ). This leaves τ higher than the data suggests, and indeed higher than other 
studies on single-source datasets (Lin et al., 2011, Rodriguez-Marek et al., 2013 - both of 
which suggest a ~60% reduction), but we believe the 33% reduction offers a balance between 
maintaining conservatism and acknowledging the unique single-source scenario at PNR.
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Figure 4.30. Predicted PSA versus period for the A15 (dotted lines) and adjusted A 15c (solid lines) models. Note, predicted 
PSA is interpolated between the published A15 periods.

Figure 4.31. Example application of the original (A 15, dotted) and calibrated model (A 15c, solid) to the PGV data from the 
lour largest events (ML = 1.5, 1.6; 2.1 and 2.9).
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Figure 4.32. as Figure 4.31, but for PSA at 0.01s (PGA).

Table 4.2. Adjustment coefficients.

PGV PGA T=0.03s T=0.05s T=0.1s T=0.2s T=0.3s T=0.5s
Δco 0.4768 0.9835 1.4608 1.1935 0.1346 -0.3445 -0.2713 0.7530
ΔC1 -0.2398 -0.2486 -0.2781 -0.2924 -0.0209 -0.0094 -0.1653 -0.5752
ΔC2 0.0498 0.0456 0.0522 0.0473 0.0034 0.0176 0.0424 0.1144
ΔC3 -0.3113 -0.6062 -0.9729 -0.6437 -0.0800 0.0257 0.1222 -0.3670
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5.  Assessment of Potential Impact of Future Scenarios
The following section deals with potential future earthquake scenarios and their impact on 
people and the built environment.

5.1 Proposal of Potential Induced Earthquake Scenarios
Defining possible earthquake scenarios, given the available information and state of knowledge 
about induced seismicity, is difficult and somewhat ambiguous. Nevertheless, we define five 
illustrative scenarios (with focus on the three of those in terms of intensity prediction) and, in 
the subsequent sections, describe the effects of those events in terms of building damage and 
exposure of the local population to shaking. It is worth highlighting that the original proposal 
of scenarios was completed prior to the operator commencing hydraulic fracturing operations 
on the second well (PNR-2), and which led to larger magnitude events than at PNR-1z (ML 
1.5) and earlier at Preese Hall (ML 2.3). The logic behind our choice of scenarios was not 
altered by this increased level of seismicity (with the ML2.9 originally considered between 
‘likely to happen’ and ‘may happen’ in our scenarios).

The scenarios we consider are ML = 2.5 to 4.5 in 0.5 increments. The ML = 2.5 event is similar 
to a previous induced event in 2011 that led to a moratorium on hydraulic fracturing in the UK, 
the Preese Hall ML = 2.3 earthquake. This event therefore represents a scenario that can be 
considered ‘likely to happen’ (or unsurprising) at PNR, which is only 4 km from the Preese 
Hall site. Events of ML 3.0 and 3.5 are not appreciably larger than that this so cannot be ruled 
out in the future and may, for instance, occur as trailing events, despite shut in. For instance, 
the Basel 2006 ML 3.4 event occurred during shut in after an earlier ML 2.3 event. Since the 
work for this report was completed a larger ML 2.9 event was recorded at the PNR-2 well, 
which is close to the ‘maximum magnitude’ of ML 3.1 for that well proposed by the operator 
(Cuadrilla Resources, 2019b). The largest events we consider are ML 4.0 and 4.5, which are 
considered unlikely given the UK traffic light threshold and regulatory environment (e.g., with 
3D seismic imaging and extensive monitoring) in place. Nevertheless, shallow focus events of 
similar magnitude have occurred previously in the UK and we cannot therefore rule out that an 
event of this magnitude could be triggered by fluid injection into a critically stressed fault 
(particularly small faults with limited throw in the vicinity of the reservoir that may not have 
been observed by 3D seismics). It is beyond the scope of this report to assign probabilities or 
quantitative likelihoods to these scenarios and they are provided instead as illustrative 
examples to aid decision making. Furthermore, in addition to the hypothetical scenarios we 
include two further events that can be used as direct comparisons with the largest events that 
occurred at PNR-2: ML 2.1 and 2.9.

5.2 Assessment of Potential Shaking Levels
In order to estimate the shaking level and associated macrosesimic intensity we use the locally- 
calibrated version of the Atkinson (2015) GMPE (see Section 4.5) along with the ML to M 
conversion equation of Grünthal et al. (2009) (since all considered scenarios have M > 2.5, see 
Section 2.2.1). We use spatially dependent Vs30 values (see Section 3.3) to represent the site 
conditions across the PNR region. The GMICE of Caprio et al. (2015) (see Section 2.4.2) is 
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used to convert predicted PGV to macroseismic intensity. Note that the GMICE is developed 
using largest component motion, rather than geometric mean motion, as provided by Atkinson 
(2015). The difference between geometric mean and largest horizontal component, considering 
typical, non-polarised signals, is around 10% for PGA (Beyer and Bommer, 2006). For the 
purpose of this analysis, considering the uncertainties in the GMICE predictions themselves, 
we consider the geometric mean predictions a suitable input for the GMICE. However, further 
work could investigate component-to-component variability (e.g., Stafford et al., 2019) and its 
impact on macroseismic intensity and ultimately risk at the PNR site.

Three scenarios (Section 5.1) are presented in the following, ML 2.9, for which we have 
empirical data, and the ML 3.5 and 4.5 events, which we refer to as ‘may happen’ and ‘unlikely 
to happen’ respectively. The other scenarios (Ml  2.5, 3.0 and 4.0) sit close to or between those 
presented in the following and are not presented for brevity. The full risk analyses (Section 5.5) 
is performed for all 7 earthquake scenarios.

5.2.1 Ml  = 2.9 Scenario
The Ml  = 2.9 Scenario leads to median PGV of 0.4 cm/s in the epicentral region. This is 
equivalent to macroseismic intensity of III, which is felt (generally by some people indoors), 
but not damaging. Intensity III extends for distances of about 5 km from the epicentre (Figure 
5.1). Macroseismic intensity II (scarcely felt) extends for 10-11 km from the epicentre, 
covering much of the Fylde region and Blackpool.

Figure 5.1. Intensity predictions (epicentral intensity III) for ML 2.9 event using median predictions of geometrical mean PGV. 
Seismic monitoring stations are indicated by tringles. The standard Shakemap (Wald et al., 2005) colour scale is used. Note 
the intensity contours are opaque and the fill is transparent, which may lead to slightly different colours visible.
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Figure 5.2. Intensity predictions (epicentral intensity IV) for ML 2.9 event using median plus one sigma predictions of 
geometrical mean PGV The standard Shakemap colour scale is used. Note the intensity contours are opaque and the fill is 
transparent, which may lead to slightly different colours visible.

The intensity presented in Figure 5.1 (and subsequently in Figures 5.3, 5.5) are for the median 
intensity from a median PGV prediction. This represents the most likely scenario for a ML 2.9 
event (based on the models adopted). However, ground motions are highly variable, both from 
event to event (for the same magnitude) and from site to site (for one event) (see Section 2.1.4). 
If we instead look for a low-probability case we can use the PGV model’s standard deviation 
(sigma) to predict motions that lie on the 84th-percentile (i.e., plus one standard deviation). 
This implies not only that we have a particularly energetic earthquake, but also a particularly 
amplifying soil condition. It is obviously unlikely that a uniform condition like this would exist 
across the region (only 16% of motions for this scenario will exceed the predicted median plus 
one sigma), however, we may observe pockets of high intensity motion consistent with those 
predicted. Figure 5.2 therefore represents the intensity possible at this level - but should not be 
considered a proxy for the region-wide intensity map. For the median plus one sigma prediction 
of geometrical mean PGV we observe an increase in the epicentral intensity to IV and a 
significant widening of the intensity III and II regions (Figure 5.2).

5.2.2 Ml  -3.5 Scenario
The ML= 3.5 scenario (Figure 5.3) leads to a significant increase in the extent of felt shaking 
and an increase in the epicentral intensity in the median PGV case to IV (light shaking, may 
cause windows and doors to rattle). The maximum median PGV is 1.5 cm/s. Intensity IV is not 
generally associated with damage. Intensity IV extends for approximately 4-5 km from the 
epicentre, while intensity III extends for about 11-12 km. While median motions are below 
the threshold considered potentially damaging in British Standard 7385-2:1993, the significant 
aleatory variability means that motions may exceed 1.5 cm/s and lead to some cosmetic damage 
at the epicentre with intensity V expected up to 1 - 2 km from the epicentre (Figure 5.4). Please 
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see Section 5.2.1 for an explanation of the median plus one sigma predictions, which should 
not be considered as a likely region-wide prediction, but possible upper-estimates in some 
localised areas.

Figure 5.3. Intensity predictions (epicentral intensity IV) for ML 3.5 event using median predictions of geometrical mean PGV. 
Seismic monitoring stations are indicated by tringles. The standard Shakemap colour scale is used. Note the intensity contours 
are opaque and the fill is transparent, which may lead to slightly different colours visible.

Figure 5.4. Intensity predictions (epicentral intensity V) for ML 3.5 event using median plus one sigma predictions of 
geometrical mean PGV. The standard Shakemap colour scale is used. Note the intensity contours are opaque and the fill is 
transparent, which may lead to slightly different colours visible.
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5.2.3 Ml  =4.5 Scenario
This scenario (Figure 5.5) leads to damaging motions, with median PGV up to 8.0 cm/s. This 
is classed as intensity VI and according to the EMS-98 is associated with non-structural 
damage. Intensity VI extends for 3 - 4 km from the epicentre, while intensity V extends for 
around 8 km, covering much of the Fylde coast. According to EMS-98 intensity V is not 
typically associated with damage. However, according to the Modified Mercalli Scale (to 
which EMS-98 is generally considered equivalent) intensity V may be associated with very 
light damage.

As previously noted, the significant aleatory variability associated with ground motions means 
that at one standard deviation we may see PGV of up to 13.5 cm/s in the epicentral region, 
which is associated with intensity VII (damaging) (Figure 5.6). This region extends for 
approximately 1 km using the median-plus-sigma geometrical mean PGV predictions. Here we 
would expect to observe many well-built buildings suffering moderate damage: small cracks 
in walls, fall of plaster, parts of chimneys fall down; older buildings may show large cracks in 
walls and failure of fill-in walls. Please see Section 5.2.1 for an explanation of the median-
plus-one sigma predictions, which should not be considered as a likely region-wide prediction, 
but possible upper estimates in some localised areas.

Figure 5.5. Intensity predictions (epicentral intensity VI) for Ml  4.5 event using median geometrical mean PGV. Seismic 
monitoring stations arc indicated by tringles. An example Ml  4.5 fault surface projection is shown by the purple rectangle. 
The standard Shakemap colour scale is used. Note the intensity contours are opaque and the fill is transparent, which may lead 
to slightly different colours visible.
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Figure 5.6. Intensity predictions (epicentral intensity VII) for ML 4.5 event using median plus one sigma geometrical mean 
PGV. An example Ml  4.5 fault surface projection is shown by the purple rectangle. The standard Shakemap colour scale is 
used. Note the intensity contours are opaque and the fill is transparent, which may lead to slightly different colours visible.

5.2.4 Scenario Ground Motion Variability
Significant aleatory variability is present in predictions of PGA, PGV and PSA, which leads to 
differences from site to site and event to event of a factor of up to 2 to 2.6 (depending on ground 
motion measure) at one standard deviation. Some 99% of the motions are expected to fall 
within 3 standard deviations of the median, or a factor of 6.1-7.7 for the Atkinson (2015) 
model, revised to 5.7 - 6.6 for the ‘single-source’ (0.67τ) implementation. For risk calculations 
presented subsequently, we perform multiple calculations with spatially-correlated variable 
motions (see Section 2.1.5) with within- and between-event variability defined by the Atkinson 
(2015) model (using 0.67τ) for geometric mean motions. As for the intensity analysis, we again 
do not consider and component-to-component variability (Stafford et al., 2019), which may 
lead to an increase in motions such as PGA. For example, Beyer and Bommer (2006) show a 
mean increase of 10% in PGA between geometric mean and largest component definitions. 
This is, however, left open to further work. Each event has a specific between-event term 
randomly selected (from a lognormal distribution with standard deviation 0.67τ). Single-
scenario variability is then applied through random sampling from a lognormal distribution 
with standard deviation φ, conditioned on the spatial correlation model of Jayaram and Baker 
(2009). Both τ and φ are taken from the A15 model. Ground motions are determined for a 
regular grid with 1 km spacing over a 16 by 15 km area centred around the PNR site.
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5.3 Inventory of Exposed Structures and Population
In order to define the risk posed by the ground motions in the scenarios defined in the previous 
section, we require an exposure model. This defines the building typology and vulnerability to 
shaking. The development of an exposure model for the PNR region is detailed in the 
following.

5.3.1 Extent of Exposure Model
The Preston New Road site is located at the following coordinate 53.78720N, -2.95103E. A 7 
km buffer to the west, 6 km to the south and 9 km to both the north and east of this coordinate 
has been used to create a grid of 240 cells, each of 1 km2 (see Figure 5.7). This extent, to be 
used for the exposure model, has been defined based on the boundary of macroseismic intensity 
V in the maps calculated in the first version of this study (Edwards et al., 2019) together with 
the built-up area in the region, also shown in Figure 5.7.

Figure 5.7. Extent of the exposure model. The point shows the coordinate of the Preston New Road site and circles indicate 
±1, ±5 km and ±10 km. The grid (blue) is 16 x 15 km at 1 km intervals.
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5.3.2 Datasets
A number of different open datasets have been obtained and combined to produce an inventory 
of the exposed structures and population within the region of the Preston New Road site. A 
brief summary of each dataset is provided below:
[1] OpenStreetMap (https://www.Openstreetmap.org) Date accessed: 22/05/2019
[2] World Pop (www.worldpop.org - School of Geography and Environmental Science, University of 

Southampton; Department of Geography and Geosciences, University of Louisville; Departement 
de Geographic, Universitc de Namur) and Center for International Earth Science Information 
Network (CIESIN), Columbia University (2018). Global High Resolution Population 
Denominators Project. The spatial distribution of population in 2019, United Kingdom of Great 
Britain & Northern Ireland (https: www.worldpop.org/geodata/summary?id=6057). Date 
accessed: 08/04/2020

[3] CORINE Land Cover, CLC 2018 (https://land.copemicus.eu/pan-european/corine-land-
covcr/clc2018

 
. Date accessed: 19/07/2019

[4] CDRC Dwelling Age map and dataset 
(https://maps.cdrc.ac.uk/#/mctrics/dwcllingage/dcfault/BTTTFFT/13.20666666666666/-
2,9467/53.7772/). Date accessed: 21/08/2019

OpenStreetMap [1] is a community driven initiative to map open data on roads, trails, railway 
stations, building footprints and more. A shapefile with the footprints of all the buildings within 
the grid shown in Figure 5.7 has been downloaded. There are 56,420 footprints in this shapefile. 
It should be noted that as this dataset relies on voluntary contributions from the general public, 
it may not always be 100% complete or accurate. From a brief review of the data that has been 
downloaded for this project, it has been noted that terraced buildings have been delineated as 
a single building (see Figure 5.8), though this might not be a consistent assumption through the 
region. It has also been noted that whilst residential static mobile homes are present within the 
GTS layer (e.g., Carr Bridge residential park), static holiday caravans are not (e.g., those in 
Haven Marton Mere Holiday Village). With additional time and resources, each building 
within the exposure model could be checked manually and corrected through the 
OpenStreetMap portal, but for the purposes of this project the data downloaded on 22/05/2019 
has been used without modification to identify the total number of buildings within the region.

Figure 5.8. (a) Google Satellite image of residential area near Lytham and (b) overlay of OpenStreetMap building footprints. 
Imagery: ©2019 Google, Map data: ©2019 Google, Infoterra Ltd. & Bluesky, Maxar Technologies, The Geoinformation 
Group
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World Pop [2] is a project that provides high resolution, open and contemporary data on global 
human population distributions. The 2019 population data (Date accessed: 08/04/2020) for the 
United Kingdom has been downloaded in a Geotiff format at a resolution of 3 arc-seconds 
(approximately 100 m at the equator) (Figure 5.9) and this has been aggregated to estimate the 
total population in each grid cell. The total population in the exposure model is found to be 
233,044.

Figure 5.9 Worldpop geotiff for the region of interest.

CORINE Land Cover [3] (Figure 5.10) is an inventory of European land cover with 44 different 
classes. The classes of importance to this project are the following: urban, industrial or 
commercial, rural (non-irrigated arable land, pastures and broad-leaved forest) and sport and 
leisure as different building types were observed in each of these classes during the field trip 
(described further below). By overlaying the OpenStreetMap footprints on the land cover 
classes (Figure 5.11), an estimate of the percentage of buildings in each land use category in 
each grid cell has been made. These percentages are then used with the mapping schemes 
(described further below) to identify the number of buildings of each building class within each 
grid cell.
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Figure 5.10. CORINE Land Cover classes within the exposure model grid.
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Figure 5.11. OpenStreetMap footprints overlaid on the CORINE Land Cover classes.

Consumer Data Research Centre (CDRC) 'dwelling age ’ map [4] is a map of the modal age of 
dwellings for each Lower Layer Super Output Area (LSOA) in England and Wales based on 
data provided by the Valuation Office Agency. The underlying dwelling age data is also 
supplied, grouped in approximately ten-year age bands (+ a pre-1900 catch-all), with a count 
of the number of houses in each band. The area covering the exposure model is presented in 
Figure 5.12. The data that has been extracted for the region shows that only around 15% of the 
buildings have been constructed pre-1919 (which is used in the assignment of the chimney 
fragility functions).
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Figure 5.12. CDRC dwelling age map.

5.3.3 Field Trip (9th June 2019)
On Saturday 9th June, consultants Rui Pinho and Helen Crowley spent the day visiting the rural 
villages (Little Plumpton, Great Plumpton, Westby), urban zones (Wrea Green, Ribby, 
Wesham), industrial parks (Whitehalls Business Park and areas in Wesham) and sports and 
leisure areas (Ribby Hall Village, Carr Bridge residential park) within the region of interest. 
Some of the main building classes found within each land cover class (i.e., rural, urban, 
industrial and sports/leisure) are described below. Only visual external inspections of the 
buildings from street level were carried out during the site trip.

Rural
The predominant building class found within the rural areas comprises older unreinforced brick 
masonry detached and semi-detached housing with 2 storeys, and typically with tall brick 
chimneys (see Figure 5.13).

Figure 5.13. Detached two-storey brick masonry buildings with tall brick chimneys.
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Urban
Within the urban residential areas, a predominance of more modern semi-detached, detached 
and terraced housing was found (Figure 5.14), often with shorter brick or prefabricated metal 
chimneys. Many of these buildings are likely to have cavity walls, as this became common 
during the inter-war period and mandatory in 1935.

Figure 5.14. Modern masonry housing (terraced, semi-detached) without tall brick chimneys.

Industrial
The industrial building stock (of factories and large retail outlets) that was observed during the 
site visit comprised light steel frame construction, with bracing in the longitudinal direction 
(and also on the roof) and moment frames in the transverse direction (Figure 5.15).

Figure 5.15. Light steel frame buildings in Whitehalls Business Park.

Sports/Leisure
Two different sports/leisure areas were visited: Ribby Hall Village and Carr Bridge residential 
park (Figure 5.16). The former was made up of a large number of different small units, some 
of which resembled static mobile homes and others that resembled detached bungalows and 
houses. Instead, at Carr Bridge, all of the houses were comprised of static mobile homes.
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Figure 5.16. Static mobile and detached houses in sports/leisure areas (top left: mobile housing in Carr Bridge, top right and 
bottom: detached housing in Ribby Hall village).

5.3.4 Mapping Scheme
In order to estimate the number and distribution of different building classes across the region 
of the exposure model, a judgment-based mapping scheme has been used that assigns a 
percentage of each building type based on the land use class. The observations made during 
the site visit, as well as subsequent desk studies using Google Street View, have been used to 
identify the predominant building classes and their distribution in each land use class. Table  
5.1 shows the proposed mapping scheme. The number of buildings in each grid cell for each 
building class is calculated by multiplying the total number of buildings (from the 
OpenStreetMap footprints), by the percentage of each land cover class (from the CORINE 
dataset), by the proportions from the mapping scheme (Table 5.1).

It has further been assumed that 15% of the brick masonry buildings have been constructed 
pre-1920, and 100% of these have brick chimneys, and 85% are from the post-1920 era, and 
50% of these have brick chimneys. There are estimated to be a total of 31,135 buildings with 
chimneys in the exposure model.

Table 5.1. Proposed mapping scheme.

Building Class Rural Urban Industrial Sports/Leisure 
Brick masonry detached 0.9 0.6 - 0.2
Brick masonry terraced 0.1 0.4 - -
Mobile home - - - 0.8
Light steel frame - - 1.0 -
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5.3.5 Exposure Maps
Figure 5.17 shows the population within the exposure model and Figure 5.18 shows the 
distribution of buildings (of each class).

Figure 5.17. Distribution of population in the exposure model.
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5.4 Assessment of Potential Impact on the Local Community
Here we estimate the exposure of the local population to median levels of PGV and 
macroseismic intensity for three scenarios M 2.5, 3.5 and 4.5. This is estimated by combining 
the Worldpop data for population in 2019 (Date accessed: 08/04/2020, Figure 5.17) with the 
predicted PGV and intensity within each square of the grid. The results are presented in Tables 
5.2 and 5.3 in terms of the percentage exposed within the grid.

Figure 5.19. Example of exposed population within the 16 x 15 km study region. The rectangle west of the PNR site shows 
the surface projection of the ML 4.5 fault, The colour of each of the grid indicates the population within. The colour of the 
background indicates the macroseismic intensity.

Table 5.2. Average population exposure (% of total within grid) within the 15 x 16 km study area to various median intensity 
(and corresponding PGV) levels for Ml . 2.5. 3.5 and 4.5 events.

EMS-98 Intensity 2 3 4 5 6 7
PGV (cm/s) 0.03 0.13 0.54 2.3 5.5 13.1

2.9 100.0 16.3 0.0 0.0 0.0 0.0
M 3.5 100.0 100.0 16.8 0.0 0.0 0.0

4.5 100.0 100.0 100.0 89.1 3.0 0.0

Table 5.3. As Table 5.2, but at the median + sigma PGV level. Note that it is expected that only 16 % of the proportions 
indicated here will be realised (as defined by the 1 sigma level).

EMS-98 Intensity 2 3 4 5 6 7
PGV (cm/s) 0.03 0.13 0.54 2.3 5.5 13.1

2.9 100.0 77.0 0.6 0.0 0.0 0.0
M 3.5 100.0 100.0 80.0 0.3 0.0 0.0

4.5 100.0 100.0 100.0 100.0 69.7 0.1
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5.5 Assessment of Potential Impact on the Built Environment

5.5.1 Fragility Functions - Chimneys
As presented in Section 5.3, the built environment within the region has been classified into 
distinct building classes (brick masonry detached, brick masonry terraced, mobile homes and 
light steel frames), some of which have chimneys. Each class therefore represents a large 
number of buildings that can have varying structural properties, such as floor height, material 
properties, wall layout, chimney height etc. When subject to a given earthquake record (see 
e.g., Figure 2.1), each building or chimney within the class may thus respond slightly 
differently, with different levels of deformation and damage. This needs to be accounted for 
when assessing the impact of the ground shaking on the built environment. Furthermore, a 
given level of PGA or PGV can be obtained from different earthquake records, each with 
slightly different frequency content, and each of these will lead to slightly different responses 
of the buildings and chimneys. We combine these uncertainties and therefore assess the 
probability of damage to the whole class of buildings/chimneys, under a given intensity of 
ground shaking (e.g. PGA, PGV), and this is done through fragility functions. Fragility 
functions therefore provide the probability of reaching or exceeding a certain level of damage 
(e.g., DS2), given the predicted level of ground shaking intensity (e.g., PGA).

Chimney collapse fragility functions have been obtained from the study of Taig and Pickup 
(2016). Following an extensive review of chimney damage in past earthquakes, the latter 
proposed lower and upper bound fragility functions for buildings built before and after 1920 
(see Figure 5.20).

Figure 5.20 Chimney collapse fragility functions proposed by Taig and Pickup (2016).

Taig (2018) recently evaluated the performance of these chimney fragility functions by 
calculating the probability of observing zero collapses in the four earthquakes with the highest 
ground motions that have occurred to date in the Groningen field (Huizinge, ’t Zandt, 
Zandeweer and Zeerijp). ShakeMaps provided by KNMI were used and the key result of the 
exercise was that the probability of zero collapses was low (2 - 10%) even when the lowest 
fragility assumptions were used. Considering that no chimney collapses have been observed to 
date, the conclusions drawn by Taig (2018) were that the fragility assumptions substantially 
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overstated the likelihood of failures at low levels of PGA. Considering these findings, the lower 
bound values presented in Figure 5.20 are taken as the best estimate for the chimney fragility 
functions, and a lognormal distribution has been fit to the data points of PGA versus probability 
of failure. The median and dispersion of these functions are shown in Table 5.4. One thing 
worth noting is that a minimum level of PGA before chimney collapse has now been 
implemented, and this value has been taken as 0.08 g given that this is the highest level of 
ground shaking measured in the vicinity of the PNR site and no chimneys have collapsed to 
date in the region.

Table 5.4. Parameters of the lognormal chimney fragility functions.

Chimney type Median PGA (g) Dispersion
Pre-1920 masonry buildings 0.585 0.62
Post-1920 masonry buildings 0.765 0.52

5.5.2 Fragility Functions - Buildings
For the detached and terraced masonry houses and the light steel frame buildings, numerical 
models from studies being carried out as part of the probabilistic risk assessment in the 
Groningen gas field (van Elk et al., 2019) have been employed (see Figure 5.21a), given the 
similarity of these buildings in the Netherlands and the UK. These numerical models are 
described in detail in Arup (2017; 2019) and Mosayk (2017).

Capacity curves provide a description of the lateral strength and ductility capacity of a single- 
degree-of-freedom (SDOF) system (Figure 2.2) that has the first mode of vibration properties 
of the original multi-degree-of-freedom (MDOF) structure (see Figure 5.21b). The capacity 
curves for the three aforementioned building classes have been taken from the numerical 
models used in the Groningen field study. The capacity curve for mobile homes has been 
obtained from HAZUS (FEM A, 2004) as this class of building is not found in the Groningen 
field.

To develop fragility functions, the capacity curves of the SDOF systems are subjected to 
nonlinear dynamic analysis, and the peak displacement response of each analysis is obtained. 
When developing fragility functions for the Groningen gas field, Crowley et al. (2019) used 
ground motions that were consistent with the levels of hazard with between 500 to 100,000 
years return periods, as the focus was on collapse fragility and fatality risk assessment. As the 
focus of the present study is on damage assessment (given the low magnitude range of the 
scenarios considered), ground motions with lower intensities (matching the hazard in 
Groningen with a return period of 50 years) were added to the pool of recordings used for the 
development of the fragility functions.
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Figure 5.21. (a) Numerical models for detached (top left), terraced (top right) and light steel frame buildings, (b) Capacity 
curve (shown on the right) of a SDOF equivalent linear systems (middle figure) from the nonlinear analysis of MDOF 
structures (from Bal et al., 2010), where F is the lateral force and A is the displacement response.

With additional time and resources, one would ideally undertake a probabilistic seismic hazard 
analysis (PSHA) at the PNR site and then select records that are consistent with this hazard 
(following disaggregation of the hazard to understand the magnitude, distance, epsilon and 
duration of the events contributing most to the hazard at different levels of intensity) following, 
for example, the methods outlined in Bradley (2010) and Baker and Lee (2018). However, as 
this has not been possible within the timeframe of this project, the same records being used to 
develop fragility functions for the buildings in the Groningen gas field have been employed. It 
is noted that the duration of these records is likely to be longer than expected for the magnitude 
of the events considered herein and there may be differences in the frequency content, and this 
may lead to higher estimations of damage than actually expected.

Nonlinear dynamic analyses of SDOF models for each building class have been undertaken 
and the peak displacement response of each analysis has been recorded. This response is plotted 
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against a measure of intensity of each accelerogram (e.g., peak ground acceleration, 
SA[T=0.01s]) and then piecewise linear regression of the displacement response has been 
carried out to obtain a bilinear relationship between the intensity measure and the response (see 
Figure 5.22). Piecewise linear regression has been employed as there is clearly a marked 
change in slope of the response displacements over the range of intensities considered (from 
linear to nonlinear response - shown in the capacity curve in Figure 5.21b), in particular for 
the brick masonry buildings.

Each spectral ordinate in the GMPE of Atkinson (2015) has been considered for the 
development of the fragility functions (from peak ground acceleration up to spectral 
accelerations at higher periods of vibration), and the final intensity measure selected for each 
building class is given by that which leads to the lowest dispersion in the response (i.e., the 
lowest scatter in the plots in Figure 5.22).

Figure 5.22. Response analyses (input spectral acceleration, SA vs. spectral displacement, SD, response) for SDOF models 
and piecewise linear regression (a) detached, (b) terraced, (c) mobile home and (d) light steel frame.
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Figure 5.23. Building fragility functions (input spectral acceleration versus probability of exceeding damage state) for (a) 
detached, (b) terraced, (c) mobile home and (d) light steel frame for various damage states (DS, see Section 2.6). Indicative 
PGV values are provided, where possible and with minimal extrapolation, as equivalent motions (for a given SA) according 
to Atkinson (2015). These values were determined by comparing predictions of SA and PGV over a range of magnitudes (4 < 
M < 6, i.e., extending well above scenarios under consideration) at short distances < 10 km and for Vs30 = 240 m/s.

For a given damage state, a displacement threshold is identified (as shown by the vertical lines 
in the capacity curve shown in Figure 5.21b). Once this threshold of displacement is exceeded, 
the damage state is reached or exceeded. The displacement thresholds for each damage state 
have been obtained from experimental testing campaigns for the masonry buildings (Graziotti 
et al. 2019; Borzi et al., 2018) and from HAZUS (FEMA, 2004) for the light steel frames and 
mobile homes. In order to calculate the fragility function, it is thus necessary to calculate the 
probability of reaching or exceeding these levels of displacement. This can be undertaken using 
the equation describing the displacement response (given by the blue lines in Figure 5.22) 
together with the aleatory variability (defined by the scatter in the plots in Figure 5.22), and 
assuming a lognormal distribution. For each level of ground shaking intensity, the probability 
of reaching or exceeding each damage state is calculated and plotted, as shown in Figure 5.23. 
Interested readers are referred to Crowley et al. (2017; 2018) for a more detailed description, 
and complete presentation of the equations used to develop the fragility functions.

113



WP2 — Impacts of Seismicity: Transmission
to People, Property and Well Integrity

ISEIS-HC-RP-JJB-OGA_WP2

5.5.3 Scenario Damage Assessment
The Scenario Damage Calculator of the OpenQuake-engine (Silva et al., 2014) has been used 
to calculate the damage distribution for each scenario event. For each scenario event, the 
exposure model, the fragility functions (chimney and building) and 500 randomly simulated 
ground motion fields have been input into the engine. The spatial distribution of the mean and 
standard deviation of the probability of reaching each damage state (DS1, DS2, DS3, DS4 and 
chimney collapse) for each building class is output. Figure 5.24 shows examples of some of 
the ground motion fields (in terms of peak ground acceleration) that have been input into the 
calculations for the Ml  4.5 scenario event.

Figure 5.24. Example of 4 (of the total 500) spatially correlated ground motion fields used in the ML 4.5 scenario damage 
assessment, accounting for ground motion variability and spatial correlation.

114



WP2 - Impacts of Seismicity: Transmission
to People, Property and Well Integrity

ISEIS-HC-RP-JJB-OGA_WP2

Tables 5.5 and 5.6 present a summary of results for each scenario event in terms of relative and 
absolute numbers, respectively.

Table 5.5. Summary of scenario damage results in terms of percentage of buildings.

Scenario (ML)
DS1 (%) DS2 (%) DS3 (%) DS4 (%) Chimney 

failure (%)
Mean Median Mean Median Mean Median Mean Median Mean Median

2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.9 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3.5 1.3 0.7 0.3 0.1 0.1 0.0 0.0 0.0 0.1 0.0
4 4.9 3.5 2.1 0.8 0.9 0.2 0.5 0.0 1.0 0.2

4.5 9.8 9.1 5.4 3.7 2.9 1.3 1.9 0.3 3.2 1.3

Table 5.6 Summary of scenario damage results in terms of number of buildings (rounded to nearest whole number).

Scenario 
(ML)

DS1 DS2 DS3 DS4 Chimney 
failure

Mean Median Mean Median Mean Median Mean Median Mean Median

2.1 0 0 0 0 0 0 0 0 0 0
2.5 4 0 0 0 0 0 0 0 0 0
2.9 52 8 5 0 1 0 0 0 <1 0
3 112 23 15 0 4 0 <1 0 2 0

3.5 740 405 181 29 58 1 16 0 31 4
4 2752 1996 1166 446 513 85 272 11 297 63

4.5 5541 5139 3043 2097 1660 733 1088 193 1003 393

The influence of the reduction in the inter-event variability that has been applied to the GMPE 
(see Section 4.5) has been briefly investigated by repeating the calculations for the M 4.5 event 
with the full aleatory variability. Figure 5.25 compares the box and whisker plots showing the 
total percentage of buildings in each damage state for the scenario events with Ml  = 2.9 and 
Ml  = 4.5 with both the reduced aleatory variability (as assumed for the results shown above) 
and the full aleatory variability. The results show that the larger aleatory variability drives up 
the mean percentages and the quantiles (25% and 75%). Although the results for Ml  = 2.9 are 
very low and it is thus difficult to appreciate the impact from these plots, it is noted that the 
number of chimneys estimated to collapse with the full aleatory variability was found to be 
more than 2 whereas with the reduced aleatory variability the number was less than 1 (see Table 
5.6), which corresponds to the observations after the Ml  = 2.9 event that occurred in August 
2019, as discussed further in Section 5.3.4.
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Figure 5.25. Box and whisker plot showing the total percentage of buildings in each damage state for scenario event (a) ML= 
2.9 with reduced total aleatory variability from the Atkinson GMPE, (b) Ml  = 2.9 with full aleatory variability (c) Ml  = 4.5 
reduced variability and (d) Ml  - 4.5 with full variability. The diamond indicates the mean, the box represents the lower to 
upper quartiles and the whisker indicates the total range (lowest to highest value). The median (50th percentile) is indicated by 
the red horizontal line.

Figure 5.26. Spatial distribution of the mean number of buildings in DS1 for the scenario event Ml = 2.9. Note that every grid 
cell has a number of buildings < 1 for all other damage states and chimney collapse.
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Figure 5.27. Spatial distribution of the mean percentage of buildings in each damage state for the scenario event Ml  = 4.5 and 
VS30 = 240 m/s (a) DSI, (b) DS2, (c) DS3, (d) DS4, (e) chimney collapse.

Maps showing the distribution of the mean percentage of damaged buildings in each damage 
state and percentage of buildings with collapsed chimneys for the ML 2.9 and 4.5 scenario 
events are shown in Figures 5.26 and 5.27, respectively. It is noted that only the \ results 
are shown for ML 2.9 as all grid cells had a value of <1 building for the other damage states.
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5.5.4 Comparison with Damage Data and Intensity Maps

The only damage data that is currently available for the ML 2.9 event comes from BGS ‘did- 
you-feel-it?’ data (Baptie, 2019), which consists of self-reported damage from the occupants 
of buildings within the PNR region. The following fields from the ‘did-you-feel-it?’ dataset 
provided by the BGS are related to the damage of the buildings:

• buildingsDamage
• plasterSmallCracks
• plasterLargeCracks
• plasterFellSmall
• plasterFellLarge
• stones Fell
• wallsCollapsed
• wallsLargeCracks
• chimneyCollapsed
• houseWallsCollapsed

For each field the following options are available: ‘yes’, ‘no’, ‘no information’ and ‘don’t 
know’. A total of 2266 questionnaires have been submitted for this event. The damage reports 
are not provided by structural engineers and thus cannot be considered to be highly reliable. 
Furthermore, for these specific induced seismicity events in the PNR region it is clear that there 
are heightened emotions that can influence the verity of the provided data (many of the 
respondents to the questionnaire noted their personal negative feelings towards ‘fracking’ and 
their desire for it to stop). In addition, there is also the possibility that more than one member 
of a household have completed the survey, thus creating multiple damage entries for the same 
structure. Nevertheless, it is currently the only data that is available to ‘history check’ the risk 
model presented herein and so an attempt has been made to compare the damage data from 
these ‘did-you-feel-it?’ reports with the estimated damage presented in the previous section.

The damage data for each building has been mapped to DS0, DS1 and DS2 using the EMS-98 
damage scale (Grünthal et al., 1998) for unreinforced masonry buildings (which make up the 
majority of buildings for which ‘did-you-feel-it?’ data has been supplied), as presented Figure 
5.28. DS1 has been selected if ‘yes’ was supplied for any of the following fields: 
plasterSmallCracks, plasterFellSmall, stonesFell, whereas DS2 has been selected for ‘yes’ in 
any of the following fields: plasterLargeCracks, plasterFellLarge and wallsLargeCracks. It is 
noted that this mapping of these damage descriptions to the EMS-98 damage state does not 
account for the extent of the damage and thus they are likely to provide conservative (i.e. 
higher) estimates of the damage state.
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Figure 5.28. EMS-98 Damage scale for unreinforced masonry buildings (Grünthal et al., 1998)

It is worth noting here that one report of ‘wallsCollapsed’ and another of 
‘houseWallsCollapsed’ were provided, but from the accompanying damage descriptions it was 
clear that these were not wall collapses (in one case due to lack of any other reported damage, 
and in the other case due to the description being that the “floor has come away by the garage”).

The total number of damaged buildings with DSI has been found to be 97, and there are 50 
buildings with DS2. Further, no chimneys were reported to have collapsed. These numbers can 
be compared with the 51 buildings with DSI, 5 buildings with DS2 and <1 building with 
chimney collapse presented previously in Table 5.6. The modelled damage is thus lower, which 
could be both due to the unreliable self-reporting of damage (and possible duplications per 
building, as discussed above) and the conservative mapping to the EMS-98 damage scale, but 
the total number of damaged buildings is nevertheless of a similar order of magnitude.

These results have also been aggregated to number of buildings at the level of postal code 
districts and are mapped in Figures 5.29 and 5.30.
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Figure 5.29. Number of buildings in each postal district with DS1 according to the FMS-98 damage scale, as reported by ‘did- 
you-feel-it?’ data for the ML 2.9 event (Baptie, 2019).

Figure 5.30. Number of buildings in each postal district with DS2 according to the EMS-98 damage scale, as reported by ‘did- 
you-feel-it?’ data for the ML 2.9 event (Baptie, 2019).

Similar maps have been produced using the modelled results presented in Section 5.3.3. The 
number of buildings with DS1 and DS2 have been aggregated at the same postal code districts 
and the resulting maps are presented in Figures 5.31 and 5.32. A comparison of these maps 
with those presented from the ‘did-you-feel-it?’ data shows that the modelled damage is more 
concentrated in the built-up areas west of the PNR site whereas the ‘did-you-feel-it?’ data 
indicates highest damage in the postal district to the south of the PNR site. The concentration 
of damage in the south cannot be explained by site effects, with similar Vs30 and HVSR in this 
region to other districts.
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Figure 5.31. Number of buildings in each postal district with DSI according to the EMS-98 damage scale, as estimated using 
the risk model presented herein

Figure 5.32. Number of buildings in each postal district with DS2 according to the EMS-98 damage scale, as estimated using 
the risk model presented herein

BGS have used the aforementioned ‘did-you-feel-it?’ data, which also includes reports on the 
effects on people and objects, in order to assign macroseismic intensity data (as presented 
previously in Section 4.1 and Figure 4.3), Whilst macroseismic intensity should not be assigned 
purely from building damage data, it is an important ‘sensor’ for identifying and distinguishing 
the higher levels of intensity (above V). Hence, an attempt has been made to use the modelled 
damage data to assign intensity levels for comparison with the intensity map presented in 
Figure 4.3.
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The percentage of buildings with DS1 an DS2 in each cell of the grid used for the intensity 
map has been calculated using the results from the analyses presented in the previous section 
(see Figures 5.33 and 5.34). In order to map these damage results to intensity, the definition of 
intensity from EMS-98 (Grünthal et al., 1998) has been used. In the EMS-98 scale, damage to 
buildings occurs at intensity levels of V and greater. Intensity level V is defined as occurring 
when there is “Damage of grade 1 to a few buildings of vulnerability class A and B”. Intensity 
level VI is defined as occurring when “Damage of grade 1 is sustained by many buildings of 
vulnerability class A and B; a few of class A and B suffer damage of grade 2; a few of class C 
suffer damage of grade 1”. Vulnerability class A refers mainly to highly vulnerable buildings, 
such as adobe and rubble stone structures, which are not present in the region. Vulnerability 
class B refers mainly to older unreinforced masonry buildings which make up a large 
proportion of the exposure model. Vulnerability class C refers to newer unreinforced masonry 
buildings with concrete floors, which are also present in the exposure model.

If it is assumed that the majority of the buildings are vulnerability class B then we would need 
a “few” buildings with DS1 to assign intensity V and both a “few” buildings with DS1 and 
“many” buildings with DS2 to assign intensity VI. The definition of “few” and “many”, as 
provided in EMS 98, is shown in Figure 5.35; it is not clear from this figure if there is a 
minimum threshold for the definition of “few”, so anything above 0% has been assumed as 
“few”. However, this may be conservative depending on the assumed definition.

Figure 5.35. Quantitative definition of qualitative terms in EMS-98 (Grünthal et al., 1998)

122



ISEIS-HC-RP-JJB-OGA_WP2 WP2 — Impacts of Seismicity: Transmission
to People, Property and Well Integrity

Figure 5.33. Estimate of the percentage of buildings with DS1 in each cell of the grid used for the intensity map produced by 
BGS.

Figure 5.34. Estimate of the percentage of buildings with DS2 in each cell of the grid used for the intensity map produced by 
BGS.
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Any of the coloured cells in Figure 5.33 could be defined as having a “few” buildings with 
DS 1 and could thus be assigned intensity V. None of the cells would be defined as having 
“many” buildings with DS1, though some of the cells could have a “few” buildings with DS2 
(see Figure 5.34). Given these results, it would be difficult to justify assigning an intensity 
greater than V based on the modelled damage for the ML2.9 event. The macroseismic intensity 
map presented in Figure 4.3 had some cells with intensity VI which could be due to the higher 
levels of reported damage, as presented previously in Figures 5.29 and 5.30. However, it is not 
clear how the macroseismic intensity was assigned from these damage estimates given that the 
percentage of damaged buildings cannot be reliably estimated, since ‘did-you-feel-it?’ reports 
do not come from a random samples of buildings within each post code district; on the contrary, 
data contributors who deem their building to have been damaged by the event are more likely 
to have compiled the ‘did-you-feel-it?’ questionnaire than those who instead do not have 
damage to report.

5.5.5 Sanity Checks of Results

In addition to the history check included in the previous section, the modelled scenario damage 
results presented herein can also be compared with the damage observed in past events with 
magnitudes of the same range, shallow depths and with similar characteristics, vulnerability 
and density of the building stock (i.e., Basel, Huizinge, Darmstadt, and Folkestone, as 
presented in Section 2.6).

The Basel (M3.2, depth 5 km) and Huizinge (M3.5, depth 3 km) events both led to a much 
larger number of buildings with DS1 (around 2000) than predicted herein for events of this 
magnitude, but these numbers are based on damage claims rather than inspections of damage 
made by structural engineers. It is highly likely that a large proportion of these buildings 
already had DS1 damage due to lack of maintenance and settlement of the foundations (see e.g. 
Bommer et al., 2015).

On the other hand, the damage caused by the Darmstadt event (M3.6, depth 5km) had reported 
levels of DS 1-2 damage and chimney collapse which are slightly lower than the estimates made 
here for the ML 3.5 scenario (i.e., a few hundred damaged buildings and tens of collapsed 
chimneys).

The Folkestone (M4.0, depth 5.3 km) led to around 1000 damaged buildings (DS 1-2) and a 
number of collapsed chimneys, though the exact number is unknown. A larger number of 
damaged buildings has been estimated for the ML 4.0 event, but this is likely to be due to the 
higher exposure given the proximity of the PNR site to the city of Blackpool.

5.6 Assessment of Potential Impact on Well Integrity
The following text from API (2009) explains the basic concept of well integrity in relation to 
hydrocarbon extraction through hydraulic fracturing:
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“The primary method used for protecting groundwater during drilling operations consists of 
drilling the wellbore through the groundwater aquifers, immediately installing a steel pipe 
(called casing), and cementing this steel pipe into place The steel casing protects the zones 
from material inside the wellbore during subsequent drilling operations and, in combination 
with other steel casing and cement sheaths that are subsequently installed, protects the 
groundwater with multiple layers of protection for the life of the well.

The subsurface zone or formation containing hydrocarbons produces into the well, and that 
production is contained within the well alt the way to the surface. This containment is what is 
meant by the term “well integrity. ” Moreover, regular monitoring takes place during drilling 
and production operations to ensure that these operations proceed within established 
parameters and in accordance with the well design, well plan, and permit requirements. 
Finally, the integrity of well construction is periodically tested to ensure its integrity is 
maintained.”

Figure 5.36 shows a schematic of the Bowland Shale wells being used at Preston New Road. 
For the purposes of this study, well integrity is assumed to be compromised when either the 
yield flexural capacity, the yield strain or the shear stress capacity of the steel production casing 
(see Figure 5.36) is exceeded due to earthquake effects. It is noted that the exceedance of these 
capacities would not necessarily result in immediate exchange between the hydrocarbons or 
fracking fluid in the well and the surrounding groundwater, and these are thus conservative 
thresholds with which to assess the integrity of the well following seismic action.
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Figure 5.36. Schematic of Bowland Shale well (not to scale) (Regeneris, 2011).
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Figure 5.37. Structural model of the Bowland Shale Well.

In a vertical structural assembly subjected to lateral deformation, the highest strains and 
stresses are typically found in locations of the structure that are adjacent/interfacing with a very 
stiff body. For instance, in bridge piers, airport towers, lamp posts, etc., the highest strain/stress 
concentrations are observed at the base of the structures, where they are connected to the 
necessarily much stiffer foundation elements. In the case of the well structure being studied 
herein, the location where the sharpest variation of stiffness occurs is found in the production 
casing at the point where the intermediate casing ends, given how much stiffer the (cemented) 
upper sections of the well are with respect to the smaller non-cemented production casing. This 
(expected) structural behavior was also observed in preliminary structural analyses that not 
only showed the portion of the production casing below the intermediate casing deflecting 
much more than its upper counterparts when the well is subjected to lateral displacements (see 
Figure 5.37), but also confirmed that the largest strains and stresses were indeed located in the 
production casing at the point where the intermediate casing is interrupted; we henceforth term 
this location as the critical section of the well.

As discussed in Bommer (2018), buried structures may experience relative displacements due 
to one of three causes: (a) slip on a geological fault that the structure traverses; (b) liquefaction 
of the surrounding ground; (c) the passage of the seismic waves along the structure or 
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component. Only the first and the third causes have been considered herein, given that 
liquefaction would require moment magnitudes above at least 4.5 in order to be triggered 
(Green and Bommer, 2019). The potential impact of (a) and (c) on the aforementioned critical 
section of the well is therefore analysed herein (see sub-sections 5.6.1 and 5.6.2, respectively).

The material properties’ of the steel casing used in Preston New Road were not available at the 
time of producing this report, and so typical values have been taken from the literature. Based 
on a nominal diameter of 5.5 inches (139.7 mm), as shown in Figure 5.36, a wall thickness of 
10 mm has been taken from the common production casing sizes table reported in Renpu (2011) 
and steel class S355 has been assumed. The design properties for a S355 steel class Circular 
Hollow Section (CHS) with diameter of 139.7 mm and wall thickness of 10 mm are as reported 
in Table 5.8.

Table 5.8. Assumed mechanical properties of the (steel) production casing.

Parameter Value Units
Second moment of area (I) 8.619x 106 nun4
Elasticity Modulus (E) 2x 10s kN/m1 1 2
Elastic bending moment capacity (Mmax) 43.8 kNm
Plastic shear force capacity 532 kN
Shear area 2594 mm2
Yield strain 0.0018 -

5.6.1 Well Integrity due to Fault Slip
For a well drilled vertically, fault slip would pose a very serious hazard if the well directly 
traversed the fault plane (Bommer, 2018), as schematically represented in Figure 5.38. The 
amount of fault slip expected for a given magnitude can be estimated with the empirical 
relationship of Wells and Coppersmith (1994). For a M 4.5 event, fault displacement would be 
17 mm, though it is noted that this relationship is derived from field observations and is not 
calibrated for events below M 5.2. Two mechanisms of failure are investigated: exceedance of 
maximum (i) bending capacity; and (ii) shear capacity.

1 It is reiterated that given the critical section discussion above, concrete properties needed not to be assumed,  
given that neither cracking of the cement nor separation of the cement from the steel casing had to be considered.
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Figure 5.38. Sketch of the production casing and the parameters used to estimate well integrity due to fault slip.

As discussed already (and shown in Figure 5.37 above), when subjected to lateral loading the 
well behaves as an inverted cantilever with flexural bending of structural relevance developing 
downwards from the critical section, which is also the location at which largest values of 
bending moment are generated. Starting from the classical formulae to calculate the horizontal 
tip deflection (δ) of a cantilever for a given moment at its base (M), it is then possible to 
estimate the critical length (Lcritical) below which the elastic bending moment capacity of the 
production casing (M max ) is exceeded:

M ■ L2 ___ ¡3E/ ■ 8
8 = „ ^’critical ~

3£7 yj Mmax  

(26)

where E is the elasticity modulus and I is the second moment of area of the structural section.

Using the production casing mechanical properties given in Table 5.8, the critical length (at 
which a lateral deformation of 17 mm makes the well reach its bending capacity, beyond which 
damage to the casing would occur) is found to be just under 1.5 m. This means that for the well 
integrity to be compromised through exceedance of its bending capacity under a magnitude 4.5 
event, the fault would have to pass within the length of 1.5 m below the depth at which the 
intermediate casing is interrupted. Given that the total depth of the production casing is over 2 
km, this critical length is less than 0.075 % of the total length of the well. There is thus a very 
small probability that a fault would actually pass within the critical length.

Furthermore, it is noted that the above calculations are very conservative (i.e., the critical length 
would in reality be much lower than the 0.075% value reported above), given that:
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• the well is actually embedded in the ground (ignored in the above calculations), and this 
will reduce the deformability of the well;

• the horizontal component of the displacement is likely to be less than the fault 
displacement, given the dip of the fault (see Figure 5.38);

• in the calculations above the elastic bending moment capacity (Mmax) at the critical 
section has been adopted as resistance threshold, however, whilst exceedance of this 
value could cause some damage to the production casing, it would not necessarily result 
in immediate exchange between the hydrocarbons or fracking fluid in the well and the 
surrounding groundwater;

• the additional plastic flexural capacity of the steel casing has not been considered.

As mentioned above, in additional to the flexural bending capacity of the production casing, 
the shear capacity also needs to be considered, given that, again, if shear forces above such 
value would develop in the well then the casing would experience damage. The shear stress 
capacity of the assumed steel section is given by the design plastic shear force resistance 
divided by the shear area, both of which are quantified in Table 5.8 (for the production casing 
considered in this study), thus leading to a shear stress capacity of approximately 205 MPa, 
which safely exceeds expected shear stresses in local faults. For instance, Fellgett et al. (2017) 
provide a comprehensive overview of the information available on the state of stress in the UK; 
based on analysis of available borehole data across Cheshire and Lancashire (including Preese 
Hall) they show that vertical stress gradients vary between 25 and 26 MPa/km, while the pore 
pressure gradient for this region is 10.8 MPa/km, or broadly hydrostatic (10 MPa/km). 
Maximum horizontal stress tends to follow 28 MPa/km, with no measured or calculated value 
exceeding 75 MPa down to 2.6 km depth.

5.6.2 Well Integrity due to Wave-Induced Ground Strain
As discussed in Bommer (2018), it is generally assumed that near the ground surface, seismic 
waves propagate vertically upwards. Therefore, a vertical well will be exposed to longitudinal 
strain from the passage of P-waves and lateral strain due to the passage of S-waves. The ground 
strain can be estimated from the ratio of PGV to the propagation velocity; since S-waves 
generally carry greater energy and propagate more slowly than P-waves, the lateral strain is 
likely to be greater.

The maximum strain that the production casing may sustain without damage (i.e., the so-called 
‘yield strain’ for steel material structures) is given in Table 5.8 as equal to 0.18 %. Considering 
that peak strain is given by the ratio between PGV and Vs, and assuming a Vs of 240 m/s close 
to the surface, a PGV of 43 cm/s would be required to induce this level of strain. As discussed 
in Section 5.2.3, even under the largest magnitude 4.5 scenario, median values of PGV only up 
to 8.95 cm/s are estimated in the epicentral region. At least 2.2 standard deviations (with 
reduced aleatory variability) above the median would be needed to reach a PGV of 43 cm/s. 
This corresponds to the 98.6th percentile—a level of motion that for the given scenario has a 
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1.4% chance of being exceeded. Thus, there is an extremely low probability that the well could 
be damaged due to wave-induced ground strain for the largest event considered herein.

6. Conclusions
This work aimed to improve our understanding of induced seismicity at PNR and potential 
future events in terms of its impact on people, the built environment and well integrity. For a 
summary of the work, we refer the reader to the Executive Summary at the start of this report. 
In the following we make our concluding remarks.

• The induced seismicity at Preston New Road during October and December 2018, with 
maximum magnitude of ML 1.5, led to ground motions that were practically imperceptible 
to people at the surface. Anthropogenic sources of vibration far exceed those caused by 
even the largest earthquake during that period and typical structures were not, therefore, at 
any risk whatsoever from these motions.

• The seismicity at PNR-2 led to larger events that were widely felt (both in terms of 
predicted intensity and evidence from ‘did-you-feel-it?’ reports). Damage in terms of 
plaster cracks, falling plaster, falling stones and wall cracks has been reported by the local 
population for the largest ML 2.9 event.

• Moment magnitude is predicted from local magnitude using a theoretically based 
conversion (Deichmann, 2017), calibrated against data from a Swiss geothermal site in St. 
Gallen (Edwards et al., 2015). The European conversion equation of Grünthal et al. (2009) 
underpredicted moment magnitude for the small induced events.

• The ground motion prediction equation (GMPE) of Atkinson (2015) performed reasonably 
over a range of magnitudes, distances and periods, when compared to the recorded data at 
PNR-1z and PNR-2. For short to moderate periods at short distances (Repi < 3 km), the 
model tended to underpredict motions somewhat due to a fast decay of ground motion 
amplitudes.

• To ensure unbiased predictions where data are available, we have calibrated the Atkinson 
(2015) model such that for magnitudes 1 < M < 3 it predicts observed PNR motions with 
minimal bias. In order to ensure conservatism, the original model predictions are reverted 
to in the case of events with M > 4.5, with a smooth transition between these data-driven 
and model-driven end members.

• The model calibration has led to slightly higher median epicentral motions (and to some 
extent, intensity). However, these higher amplitudes decay more rapidly, resulting in a 
reduced exposure to the urban residential areas to the west (Blackpool) and south (Lytham 
St Annes). In addition, a reduction in ground motion within-event variability means that 
intensities based on 84th percentile PGV are reduced.

• The measured 30 m average shear-wave velocity (Vs30) of sites around PNR was low (190- 
270 m/s). In particular, areas characterised by blown sand deposits had the lowest velocity. 
Sites around PNR will therefore amplify ground motions significantly with respect to a 
(theoretical) site located on a rock outcrop.

• Using ambient noise HVSR measurements at the seismic monitoring sites across the PNR 
region, site fundamental resonance frequencies were determined. These in turn were used 
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to estimate Vs30 and construct a Vs30 map based on geological proxies. The variability of 
mapped Vs30 was limited however (spanning only 190 - 250 m/s), and only minor 
variability in predicted ground motions (and intensities) result from its implementation.

• Intensity predictions were presented for scenario events (Ml  2.9, 3.5 and 4.5) at PNR. These 
showed that median field-wide epicentral-intensities would reach III (weak), IV (largely 
observed) and VI (slightly damaging) respectively.

• For the Ml  3.5 and 4.5 scenarios at the 84th-percentile prediction of PGV, we estimate that 
intensities could rise to V (strong) and VII (damaging) respectively, in limited pockets close 
to the epicenter.

• An inventory model has been developed for a 16 x 15 km grid around the PNR site for the 
purpose of probabilistic risk assessment. This includes a mapped building typology and 
population exposure, along with associated fragility functions.

• Risk analyses have been performed by simulating 500 random and spatially correlated 
ground motion fields (consistent with those used for the intensity models) and, for each 
randomization, calculating the number and type of damage to structures based on the 
regional building inventory and the fragility functions assigned to each type.

• We find that in terms of median risk (of which there is a 50% chance of not exceeding) the 
onset of non-structural building damage (DS1) is around Ml  2.9. DS2 (minor structural 
damage) may occur at Ml  3.5, DS3 and DS4 (major structural damage) may occur at ML 
4.0 and 4.5. In terms of mean risk (which is more sensitive to the outlier predictions, e.g., 
high ground motions coinciding with more vulnerable structures in a particular location), 
we see onset of damage (for each state) at 0.5 magnitude units lower.

• Well integrity is very unlikely to be affected by strain due to seismic waves from a nearby 
earthquakes (up to ML 4.5). The chance of damage, let alone failure, due to fault ruptures 
(with slip up to 17 mm) transecting the well is also very low due to the fact that a fault must 
transect a critical portion of the well (around 0.075 % of its length) to exceed its elastic 
bending capacity. Finally, the shear strength of the well itself is well in excess of the 
assumed fault stresses at reservoir depths.

7. Summary Discussion and Recommendations
The comprehensive analysis of recorded ground motions, development of a structural inventory 
and site investigation at PNR has allowed us to model the macroseismic intensity and expected 
damage (if any) for a range of feasible and experienced earthquake scenarios. Initial work prior 
to PNR-2 focused on purely theoretical scenarios. However, the Ml  2.9, with associated 
intensity map and damage reports, has allowed us to ‘ground truth’ these models. In terms of 
damage, the predicted and reported levels are seen to be consistent, with both showing similar 
orders of magnitude of buildings at DS1.

An important disparity observed during this investigation is the macroseismic intensity of the 
ML 2.9 event, which the was originally assigned as VI based on ‘did-you-feel-it?’ reports. 
Based on PGV predictions (which are calibrated to the locally observed PGV data and therefore 
broadly unbiased), epicentral intensities of III to IV are expected for an event of this size. This 
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is consistent with the range of intensities assigned to previous shallow Ml  2.9 events in the UK 
(III to V). In fact, according to the model of Caprio et al. (2015) PGV values of 0.54, 2.3 and 
5.5 cm/s are expected for intensity IV, V and VI, respectively. The largest recorded motion at 
PNR was 0.9 cm/s - which falls into the IV category (as indicated by our median plus sigma 
PGV based predictions, Figure 5.2). Furthermore, Caprio et al. (2015) propose roughly one- 
unit for the standard deviation on their predicted intensities, which means that there is a small 
but non-zero likelihood that intensities of V (plus 2 sigma) or VI (plus three sigma) being 
possible (i.e., ~2.2 and 0.1 % likelihoods, respectively), based in the median PGV predicted.

Intensity estimated from PGV is supported by the modelled damage: around 1 % buildings 
within 1 km of the epicenter were assigned DS1 damage, far below the EMS-98 definition of 

‘many’ buildings required to assign intensity VI. Instead, intensity V seems appropriate, if 
damage is verified. Intensity V, while not immediately apparent in the ‘summary descriptions’ 
of intensity (Table 2.1), includes ‘few’ (up to ~ 10-20 %) buildings with minor cosmetic 
damage (Grünthal et al., 1998). This highlights the disadvantage of intensity assignment based 
on ‘did-you-feel-it?’ reports alone. They are inherently positively biased: the public are far 
more likely to report ‘felt’ effects than not, and this is exacerbated as the ‘significance’ of the 
felt event increases.

Concluding this investigation has allowed us to consider what could be improved for future 
projects. We therefore make recommendations based on how predictions of risk can be 
improved:

• Site Investigation. Site amplification plays an important role in seismic hazard. Our 
analyses have shown that the low Vs30 at PNR increases seismic hazard and, consequently, 
risk. We have made use of 3 direct measurements of Vs30 and proxy estimates of Vs30 
obtained from site fundamental frequencies using HVSR analysis. The latter showed that 
in areas of till superficial deposits, significant variability was present in the site response 
(and Vs30). This could not be mapped via geological proxies alone since this indicated 
uniform conditions. Non-invasive site investigation is not particularly expensive (relative 
to invasive techniques), but can be time consuming. Extensive MASW and HVSR analysis 
in advance of a seismic risk study being undertaken would allow a reduction in the 
uncertainty, and may be useful in making decisions on siting of wells away from regions 
of very low Vs30/strong site amplification.

• Seismic monitoring. Ground motion records, including those far below the level 
perceptible by humans, have proved invaluable in testing and calibrating GMPEs. The 
ground motion dataset used herein is of high quality and covers a useful range of magnitude 
and distance—however a significant amount of data was recorded by the BGS and 
University of Liverpool, particularly at greater distances. While earthquake detection and 
localization (which is an obvious requirement of the operator and regulator) requires a 
dense network near to and around the earthquake epicenters, calibrating GMPEs requires 
the consideration of ground motion attenuation to distances exceeding 10 or 20 km. 
Therefore, a level of seismic monitoring outside the epicentral zone is important for future 
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projects. The use of a dense network within 5 km of the expected epicenters, becoming less 
dense with increasing distance (as at PNR) can be considered an optimal configuration.

• Earthquake Magnitude. It is essential that robust earthquake magnitudes are determined, 
and, ideally, these should not only be Ml  (using the authoritative BGS definition) as used 
in the TLS, but also M (moment magnitude). The latter is more difficult to robustly 
determine and maintain consistency since factors such as subsurface velocity, density, 
geometrical decay and amplification must all be defined and, furthermore, may vary 
between sites. Ensuring transparency of the calculation process (such as equations, 
assumptions, and constants used) is therefore important.

• Intensity and Damage. Information from felt events is very useful to ‘ground truth’ model 
predictions. Detailed inventories (through reconnaissance and available data) are crucial to 
understanding spatially variable seismic risk. It is important to make any data available 
(including data that is obtained during operations) in a transparent and accessible way so 
that it can be used efficiently to test and, if necessary, update models (which can only ever 
be as good as the data on which they are based).
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