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Abstract: Seismic engineering is a constantly developing science and every earthquake 
highlights new issues and areas for development.  In the immediate years following such 
events the issues are investigated, design practice changes and improvements occur to 
ensure the built environment is as safe as the state of the practice allows. This level of 
innovation and change does not happen in the nuclear industry, where I believe it is still 
common practice to use methods and techniques developed in the 1970’s and 1980’s. 
Clearly it is important to future proof any analyses that are carried out with robust and 
validated methods, but we should also be looking to innovate and improve the status quo. 
This paper will highlight a selection of issues where the author believes the UK nuclear 
industry should move on, and provides examples and potential consequences of resisting 
change. 
 
Design Spectra 
Historically piece-wise linear response spectra originally derived by PML (1981) and more 
recently by EUR (2001) have been used in the UK. The author considers that uniform hazard 
response spectra (UHRS) provide a more consistent design criterion with quantifiable levels 
of uncertainty and would therefore would be preferable to piece-wise linear spectra.  
 
For example Figure 1 compares a traditional piece-wise linear spectrum based on a peak 
ground acceleration (PGA) of 0.25g (2.5m/s2) with the hypothetical results of a probabilistic 
seismic hazard assessment (PSHA) in the form of the mean UHRS and the 84% confidence 
level spectrum. Even though the mean PGA is 0.22g (2.2m/s2), which is below base PGA 
value, in this example it is clear the mean spectrum slightly exceeds the 40Hz value and the 
84% spectrum exceeds the piece-wise linear spectrum at various frequencies. 
 

 
Figure 1.  Comparison of PML (1981) spectrum and hypothetical UHRS 

 
Clearly the shape of the piece-wise linear spectrum is not a good representation of the 
UHRS especially at higher frequencies (Bommer et al, 2011a). It would seem to be far more 
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reasonable to take the median UHRS and select an appropriate confidence level as the 
design criterion.  This will ensure both a constant level of conservatism in the result, and a 
more consistent approach from site to site. Clearly the PSHA will have to be sufficiently 
robust to ensure changes in knowledge will not unduly compromise the proposed design 
criterion. 
 
Vertical Response Spectra 
The state of the practice in nuclear engineering has been to assume the vertical response 
spectra is 2/3 of the horizontal spectra.  However, recent earthquakes (e.g. Wenchuan 2008; 
Christchurch 2011 and Nepal 2015) have highlighted that often vertical peak ground 
accelerations in the near field can be greater than the horizontal.   
 
In fact the seminal study which identified this issue was Bozorgnia and Campbell (2004).  
They investigated the engineering characteristics of vertical ground motion using a database 
of 443 near-source accelerograms recorded from 36 worldwide earth- quakes of MW 4.7-7.7.  
They found the ratio of vertical to horizontal acceleration (V/H) to be a strong function of 
natural period, local site conditions, and source-to-site distance.  For example at firm soil 
sites, their analysis predicts that V/H can easily exceed unity, approaching a factor of 1.8 at 
short periods, close distances, and large magnitudes.  Figure 2 shows some simplified V/H 
ratios that were developed from their study and compare to the 2/3 value traditionally used. 

 
Figure 2. Simplified V/H response spectral ratio developed by Bozorgnia and Campbell (2004) 
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The work by Bozorgnia and Campbell (2004) influenced code writers, so for example the 
draft of ASCE 4 states “…for close-in events (source to site distance less than about 15 km), 
sites with Holocene soils, or for deep soil sites (soil thickness greater than several hundred 
meters) site-specific V/H ratios should be developed”. To this end more recent studies based 
on the NGA dataset (Gülerce and Abrahamson, 2011) and the European and Middle Eastern 
catalogue (Bommer et al., 2011b) can be used and show similar trends. 
 
Ideally we should derive the vertical UHRS directly from a PSHA; but there are only a limited 
number of suitable vertical ground motion equations. Where this is not possible it is clear that 
the derivation of vertical response spectrum by using 2/3 of the horizontal UHRS is 
inappropriate and this practice should be consigned to history. 
 
Soil Classification 
When the original PML spectra were defined, the importance of soil classification (also 
known as site class) was recognised through the definition of hard, medium and soft 
response spectra. These were originally defined based on different geology at the stations 
where 47 different time histories were selected to derive the PML spectral shapes. UK 
practice has subsequently defined the site classes according to the fundamental frequency of 
the soil column as indicated in Table 1. The table also presents an equivalent value of the 
average shear wave velocity over the top 30m (VS30) for each PML site category. It is also 
instructive to note that the more recent EUR spectra, though based on the PML spectra, use 
a direct measure of VS30. Furthermore, the EUR soil classification is not necessarily 
consistent with the PML fundamental frequencies. Table 1 also shows the five stiffest site 
categories as defined by NEHRP, which is considered to be the state of the practice in 
defining site amplification in codes of practice. 
 
Based on this brief review it is clear there is inconsistency between how the soil categories 
are defined. 

 
Table 1. Comparison of NEHRP, PML and EUR Site Class 

NEHRP PML EUR  

Class VS,30 (m/s) Class Fundamental 
frequency  Class VS,30 (m/s) 

A > 1500 

Hard 
> 5 Hz 

(>600m/s) 

Hard 1200 - 2500 

B 760 -1500 
Medium 600 - 1100 

C 360 – 760 
Medium 

2 – 5 Hz 
(240 – 600m/s) 

Soft 250 - 500 

D 180 – 360 

Soft 
< 2 Hz 

(<240m/s) 

  

E < 180   

 
The other key issue is the EUR and PML spectra assume the same amplification factor 
between soil types, irrespective of amplitude of ground motions.  This is shown in Figure 3 
and Figure 4 which compare the amplification factors with those recommended by NEHRP. 
This shows that for lower PGA levels the level of amplification one could expect is much 
larger than allowed for by either the PML or EUR spectra.  This is particularly important for 
site with a VS30 of less than 360m/s. 
 
The implications are that the PML and EUR spectra may underestimate loads for soft soils in 
regions of low to moderate seismicity, such as the UK 
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Figure 3.  Comparison of NEHRP with EUR and PML Amplification Factors at 5 to 10Hz 

 

 
Figure 4.  Comparison of NEHRP with EUR and PML Amplification Factors at 1Hz 

 
Site Response 
One way to address the deficiency in simple soil categories is to derive a uniform hazard 
spectra for hard rock conditions and then propagate earthquake motions to the surface by 
using site response analyses and site-specific geotechnical data. 
 
For nuclear projects in the UK the equivalent linear program SHAKE (Schnabel et al., 1972) 
has been accepted as industry standard as a precursor to soil-structure interaction analyses. 
This has been shown to produce good results for moderate levels of ground motion, 
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however, it has deficiencies once the ground motions increase to higher levels due to the 
non-linear behaviour within the soil. 
 
However, such methods are now generally considered obsolete.  Alternative non-linear site 
response programs exist that have been used extensively for the oil and gas industry and 
normal building practice. For example DEEPSOIL (Hashash et al., 2012) is a program that 
can solve 1D non-linear analysis in the time domain and also 1D equivalent linear analysis in 
the frequency domain. The program Oasys SIREN solves non-linear site response analyses 
in the time domain using the explicit finite difference method.  Previous studies (Henderson 
et al., 1990 and Heidebrecht et al., 1990) at low levels of shaking indicate that SIREN gives 
similar results to those calculated with SHAKE.  At higher levels, SIREN gives somewhat 
lower amplification due to the fact that it more correctly models the non-linear hysteretic 
behaviour of the soil. 
 
McCully et al. (2014) undertook a suite of 1D site response analyses using non-linear 
programs to investigate the effect of bedrock motion intensity on the amplification of the 
ground motion. A selection of the results are presented in Figure 5 along with a comparison 
of the EUR medium and soft spectra. Based on this comparison it is clear to see that as the 
bedrock ground motion intensity increases there is a decrease in the amplification of the 
ground motion, particularly in the short period range. This effect is less pronounced as the 
VS30 value increases, in particular for the soil profile with a VS30 of 580m/s, where the 
amplification of the ground motion is reasonably well constrained over the entire period range 
for all ground motion intensities considered.  However, in all cases the level of amplification 
is underestimated by use of the EUR spectra.   
 

 
Figure 5.  Comparison of spectral shapes defined PML or EUR with those derived from site response 

analysis for soil profiles with VS30 equal to 360 and 580m/s (modified from McCully et al, 2014) 
 
This section indicates that site-specific response spectra derived using non-linear site 
response analyses provide a more robust method for assessing surface motions compared 
to standard PML or EUR medium and soft spectral shapes.   
 
Deconvolution 
One issue should be considered carefully if you are using equivalent linear methods for site 
response analysis or dynamic soil structure interaction. For these methods it is common 
practice to de-convolve surface motions to derive a representative within motion for use in 
the assessment of site response or soil structure interaction. 
 
In deconvolution, however, the surface motion Fourier amplitude spectrum is divided by the 
transfer function. At large intensities, the transfer function at high frequencies will be close to 
zero because of soil nonlinearity (i.e., increased damping and reduced G at large strains). 
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When you divide the surface motion by this transfer function, which is close to zero, you can 
get large motions at the base. This problem is not apparent at smaller intensities because the 
transfer function does not approach zero for lower intensities/smaller strains. 
 
For example as part of the Lotung experiment Tang et al (1988) identified that deconvolution 
using SHAKE to estimate free-field soil responses is generally in good agreement with the 
measured response at shallow depth (6 to 11m) but not at the deepest down hole (47m). 
They concluded that the SHAKE deconvolution may reach its limit in computing deep layer- 
responses for such soft soil media. · 
 
Therefore, the use of deconvolution methods for site response analysis or dynamic soil 
structure interaction should be carefully considered and is not recommend. In my opinion it 
would be preferable to define an appropriate bedrock or stiff soil “outcrop motion” and apply 
that as a “within motion” with appropriate boundary conditions. 
 
Dynamic soil-structure interaction  
DSSI analyses are often carried out for nuclear design and assessment of key structures. 
The majority of the analyses are carried out using programs which were developed in the 
1970s and 1980s.  Programs such as CLASSI and SASSI use relatively simple models, such 
as frequency dependant impedance functions, to represent the soil-structure system in a 
linear manner. FLUSH models the soil using equivalent linear methods, similar to SHAKE, 
with a linear representation of the structure. Since these programs were written computers 
have become much more powerful, material models more representative of the real situation 
and programs developed to represent very complex 3D systems (e.g. LS-DYNA, OpenSees 
and FLAC amongst others).  Though the traditional programs are appropriate for the level of 
shaking in the UK, they lack the “ease” of use in modelling structures, non-linear modelling of 
soil and structural elements and modelling of post yield behaviour and therefore would not be 
appropriate for softer sites and beyond design basis analyses.  
 
Coleman et al (2013) note that the equivalent linear method is computationally effective and 
has been the preferred method of analysis in geotechnical engineering. However, if a 
structure is subjected to a beyond-design basis earthquake which can result in large inelastic 
soil response, it is essential to understand the validity of equivalent-linear approach through 
more sophisticated analysis, such as non-linear analysis. Both non-linear analysis method 
and equivalent linear analysis methods have been validated against the Hualien Large Scale 
Seismic Test in Taiwan. However, there must be sufficient validation of non-linear methods 
as suggested by Bolisetti et al (2013) to provide a suitable level of confidence in their 
performance at higher strains. 
 
Non-linear SSI methods open the door to explore more realistic seismic behaviour at nuclear 
facilities such as, gapping and sliding, inclined seismic waves coupled with gapping and 
sliding, nonlinear soil behaviour, nonlinear structural behaviour, and evaluation of seismic 
isolation.  
 
As an example from the oil and gas industry Gibson et al. (2012) show how a non-linear time 
history soil-structure interaction finite element analysis using the code LS-DYNA was 
employed to demonstrate that a gravity based structure (GBS) platform satisfied the 
performance requirements of ISO 19901-2. This is the first such platform to be 
commissioned in this highly seismic area. The GBS was successfully installed in March 
2011.  
 
In order to capture the realistic behaviour of this complex interface, the soil-structure 
interaction (SSI) was modelled explicitly (see Figure 6).  A 150m square, 50m deep, block of 
3D non-linear soil elements was included in the model. The GBS foundations were 
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connected to the 3D soil mesh using the tied contact feature within LS-DYNA. Water under 
the pontoon was represented by a layer of elements which only transmitted force normal to 
the soil (i.e. not shear forces). Beam elements representing the piles of the wellhead were 
connected into the solid soil elements. All primary structural elements comprising the GBS 
and topsides were included in the global model. 

 
Figure 6.  Non-linear LS-DYNA model for an offshore platform (Gibson et al, 2012) 

 
The performance based approach adopted by the design team demonstrated the feasibility 
of a structure which could not have been shown to satisfy codified requirements using a 
conventional design approach. The alternative would have required a major redesign and a 
more materially intensive structure with a corresponding increase in cost. Explicitly analysing 
the behaviour of the platform during various levels of seismic event improved the client’s 
appreciation of the likely performance of their platform, enabling them to better quantify the 
risks involved with operating the facility.  Further civil engineering examples of the value of 
using non-linear SSI methods are shown in Lubkowski et al (2004) and Gibson et al. (2015). 
 
As part of the evolution of ASCE 4 for seismic analyses of nuclear related structures 
Coleman et al. (2013) have investigated the change in structural response when gapping and 
sliding is included in the SSI analysis of a nuclear containment structure.  The comparison 
between linear and non-linear results for one location on the structure is shown in Figure 7 to 
illustrate the benefits of non-linear methods. These curves show a reasonable match at low 
levels of ground motion, but divergence at high levels of ground motion.  
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Figure 7.  Comparison of linear and non-linear soil structure interaction (Coleman et al. 2013) 
 
Conclusions 
The aim of this paper has been to show how the nuclear industry in the UK relies on methods 
of analysis that are now generally not used by the wider civil engineering field, especially for 
higher levels of acceleration and softer site conditions. These traditional methods have 
served the industry well, but we need to show innovation and investment and consign the 
tools developed in the 1970’s and 1980’s to history. 
 
I believe we must adopt the methods which have traction in the wider civil engineering field.  
To that end, in my opinion, we should: 

• Use uniform hazard spectra with a measured level of confidence, yet ensuring 
robustness, to define the seismic design criteria on a site-specific basis to ensure all 
our nuclear facilities are design to an quantifiable level of reliability; 

• Rely on non-linear site response methods to account for overlying superficial soils to 
ensure we do not potentially underestimate loads on softer site locations; and 

• Use non-linear tools to carry out SSI analyses for the nuclear island and related 
structures, so we can better understand their performance especially beyond the 
design basis. 

 
To achieve this aim industry needs to embrace these changes and not accept the status quo, 
because it is the easy option. 
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