
 

 Transactions, SMiRT-23 
Manchester, United Kingdom - August 10-14, 2015 

                                                                                                            Division V, Paper ID 230 

SEISMIC ANALYSIS OF NUCLEAR SAFETY-RELATED CONCRETE 

STRUCTURES IN THE UK – A REVIEW OF CHANGES IN ETC-C 2012 

COMPARED AGAINST ASCE 4-98 
 

Dimitrios Kourepinis
 1
, Ming Tan

2
, and Ross Mackenzie

3 

 
1 Principal Nuclear Engineer, Mott MacDonald, UK 
2 Senior Principal Nuclear Engineer, Mott MacDonald, UK 
3 Nuclear Engineer, Mott MacDonald, UK 
 
ABSTRACT 
 
This paper presents a comparison of changes incorporated in the European Pressurized Reactor (EPR) 
Technical Code for Civil Works (ETC-C) 2012 since its 2010 revision, against primarily ASCE 4-98. It is 
identified that most updates in ETC-C 2012 related to seismic analysis of nuclear safety-related concrete 
structures are minor and aligned with good practice. Furthermore, most changes are in agreement with 
ASCE 4-98. Changes related to seismic analysis of buried structures, modelling of hydrodynamic effects 
and use of equivalent static methods are discussed and recommendations for application in the seismic 
analysis and design of nuclear safety-related structures in the UK are provided. 

 
INTRODUCTION 

 
Two European Pressurized Reactor (EPR) units with a total electrical power output of 3,200MW are to be 
built at Hinkley Point in Somerset, England. The EPR is a third generation pressurized water reactor. 
Rules for design, construction and testing of the EPR civil engineering structures are published in the 
EPR Technical Code for Civil Works (ETC-C). The 2010 revision of ETC-C is used for the UK EPR 
Hinkley Point project supplemented by a mandatory UK Companion Document, while ETC-C 2012 is the 
latest revision. ETC-C provides its own requirements for seismic analysis. General provisions for design 
are based largely on Eurocode 2 (BS EN 1992) and its various parts. 
  
Until the arrival of ETC-C, the principal standards for seismic analysis and design of concrete safety-
related nuclear structures, systems and components (SSCs) in the UK were ACI 349 ‘Code Requirements 
for Nuclear Safety-Related Concrete Structures’ and ASCE 4-98 ‘Seismic Analysis of Safety-Related 
Nuclear Structures’. ASCE 4-98 was published in 1998 and is currently being revised by the American 
Society of Civil Engineers (ASCE) Working Group in Dynamic Analysis of Nuclear Structures to 
incorporate various state-of-the-art advances and reflect modern requirements and practice for analysis of 
nuclear safety-related structures. At the time writing, the current revision of ACI 349 is ACI 349-13, 
published in 2014 by the American Concrete Institute (ACI).  
 
The revision of the aforementioned standards can prompt a re-evaluation of provisions for analysis and 
design of future EPR-related nuclear safety critical structures. This is also important as there are early 
suggestions that ETC-C could potentially form the basis of a future European-wide and non-technology-
specific nuclear standard. This paper reviews and evaluates differences between the changes incorporated 
in ETC-C 2012 and ACI 349-13/ASCE 4-98 with regard to seismic analysis and design.  
 
EPR TECHNICAL CODE FOR CIVIL WORKS (ETC-C) 2012 

 
ETC-C is developed and published by AFCEN, the French Association for Design, Construction and In-
Service Inspection Rules for Nuclear Island Components. It was originally developed by Électricité de 
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France (EDF) for EPR safety-classified structures and German Utilities based on provisions of RCC-G 
‘Design and Construction Rules for Civil Works’ for French Nuclear Power Plants. EDF first issued 
ETC-C in 2006 as a reference document for the Flamanville 3 Project. Subsequently, the development of 
the standard was continued by AFCEN. During the Generic Design Assessment (GDA) of the UK EPR, 
the Office for Nuclear Regulation (ONR) accepted the 2010 revision of ETC-C supplemented by a 
mandatory and UK-specific Companion Document. The latest revision of ETC-C was published in 2012 
and incorporates some, but not all of the experience gained during the GDA of the UK EPR. It also 
incorporates experience gained by the Olkiluoto, Flamanville and Taishan projects. 
 
ETC-C 2012 is divided into four main parts: Part 0 ‘General’ defines the scope of the standard; Part 1 
‘Design’ defines actions and load combinations together with provisions for design of concrete and steel 
safety-classified structures; Part 2 ‘Construction’ provides construction criteria; Part 3 ‘Leak and 
Resistance Tests and Containment Monitoring’ provides principles for containment testing. 
 
Part 1 ‘Design’, which is relevant to this paper, has a strong link with Eurocodes and often refers directly 
to relevant provisions in Eurocodes. For example, for loads and load combinations BS EN 1990 and BS 
EN 1991 are used, for concrete structures BS EN 1992 is used, for structural steelwork BS EN 1993 is 
used, for plate anchoring BS EN 1992 and BS EN 1993 are used and for geotechnical design BS EN 1997 
is used. 
 
Part 1 of ETC-C refers to Appendix 1.A for seismic analysis. Appendix 1.A includes provisions for the 
seismic input motion, representation of soil effects including Soil-Structure Interaction (SSI), modelling 
of structures and substructures, methods of analysis, combinations of modes, directions and time history 
sets, generation of floor response spectra and provisions for other methods of analysis, other civil 
structures (e.g. retaining walls, buried pipelines and galleries) and the use of seismic analysis for design. 
It is worthwhile to note that Appendix 1.A is one of the most independent parts of ETC-C from 
Eurocodes, with limited references to BS EN 1992 and BS EN 1998. 
 
ASCE 4-98 SEISMIC ANALYSIS OF SAFETY-RELATED NUCLEAR STRUCTURES 

 
ASCE 4-98 has been a nuclear industry standard for over 20 years in the UK and internationally. It 
provides minimum requirements and acceptable methods for the seismic analysis of nuclear safety-related 
SSCs. Its scope covers all safety-related structures of nuclear facilities, including buried structures but 
does not cover analysis of caissons, pile-supported foundations, unlined tunnels and floating structures. 
 
ASCE 4-98 addresses all aspects of seismic analysis, including site response, modelling of structures, 
analysis methods, SSI, subsystem analysis and analysis of special structures, such as buried pipes and 
conduits, earth-retaining walls, seismically-isolated structures and above-ground vertical tanks. ASCE 4 is 
currently being revised to incorporate state-of-the-art engineering practice. The revised standard will be 
used in conjunction with ASCE/SEI 43-05 ‘Seismic Design Criteria for Structures, Systems and 
Components in Nuclear Facilities’. 
  
ACI 349-13 CODE REQUIREMENT FOR NUCLEAR SAFETY-RELATED STRUCTURES 

 
ACI 349 is developed and reported by ACI Committee 349 and published by ACI. It covers the design 
and construction of nuclear safety-related concrete structures that form part of a nuclear power plant. 
However, it does not cover concrete containment structures and Reinforced Concrete Containment 
Vessels (RCCVs). The latter is covered by the scope of the American Society of Mechanical Engineers 
(ASME) Boiler and Pressure Vessel Code (BPVC) Section III, Division 2, dually designated ACI 359. 
ACI 349 makes heavy use of ACI 318 ‘Building Code Requirements for Structural Concrete’ and follows 
a similar format. 
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The most recent revision of ACI 349 (ACI 349-13) was published in June 2014 and is aligned with ACI 
318-08. ACI Committee 349 is currently working towards revising the standard to incorporate the latest 
experience and technological developments and to align the standard with ACI 318-14, which was 
published in 2014. 
 
The main section of ACI 349-13 dealing with seismic design is Chapter 21 ‘Provisions for Earthquake-
Resistant Design’, although considerations with relation to demand and other general seismic aspects are 
given in different sections. Chapter 21 contains provisions for design and construction of reinforced 
concrete members subjected to earthquake loads. The provisions are considered to be minimum 
requirements for concrete structures resisting loads essentially in the elastic range. The chapter gives 
provisions for flexural members of moment frames, moment frame members subjected to bending and 
axial loads, moment frame joints, special moment frames and walls constructed using precast concrete, 
structural diaphragms and foundations. 
 
COMPARISON AND DISCUSSION 

 
ASCE 4 and ACI 349 are mature standards, non-specific to a particular type of Nuclear Power Plant 
(NPP) and widely applied in the UK and internationally for over two decades. In contrast, ETC-C is 
specific to the EPR design and perhaps a less mature standard in its present form. ETC-C makes heavy 
use of Eurocodes, which are relatively new standards and have not been developed for the specific 
functional reliability requirements of nuclear SSCs. However, ETC-C has also been based on a nuclear-
specific standard (RCC-G) and specific experience from EPR projects. ETC-C has a wide scope related to 
EPR civil works but ACI 349 does not cover concrete containments, steelwork and geotechnical 
structures. 
 
Evidently, to make a compatible comparison of requirements related to seismic analysis and design 
between ETC-C 2012, ACI 349-13 and ASCE 4-98, it is useful to define a set of distinct elements based 
on the general scope of the three standards. This is shown in Table 1. 
 

Table 1. General scope of ETC-C 2012, ACI 349-13 and ASCE 4-98 specific to seismic analysis and 
design of concrete and steel structures 

 
Element ETC-C 2012 ACI 349-13 ASCE 4-98 

NPP-specific technology EPR Non-specific Non-specific 
Concrete nuclear safety-related 
structures (other than 
containments) 

Yes Yes Yes 

Concrete containment structures Yes No (ASME BPVC 
Section III, Div. 2 
2013 / ACI 359-13) 

Yes 

Steel nuclear safety-related 
structures 

Yes No Yes 

Analysis of concrete structures Yes Yes Yes 
Analysis of steel structures Yes No Yes 
Design of concrete structures Yes Yes No 
Design of steel structures Yes No No 
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From Table 1, the following can be deduced: 
 

• Seismic analysis of concrete safety-related structures other than containments: All three codes can 
be compared 

• Seismic design of concrete safety-related structures other than containments: ETC-C 2012 and 
ACI 349-13 can be compared 

• Seismic analysis of concrete containments: ETC-C and ASCE 4-98 can be compared 
• Seismic design of concrete containments: Only within the scope of ETC-C 2012 
• Seismic analysis of steel safety-related structures: ETC-C and ASCE 4-98 can be compared 
• Seismic design of steel safety-related structures: Only within the scope of ETC-C 2012 

 
This paper will review differences and similarities between the three codes in relation to seismic analysis 
of nuclear safety-related concrete structures, other than containments. The review will be specific to 
changes between ETC-C 2012 and ETC-C 2010, since ETC-C 2010 has been endorsed by the ONR, 
appended by a mandatory UK Companion Document written to specify changes required for the UK EPR. 
Changes between ETC-C 2012 and the UK Companion document will not be considered. 
 
The following Table gives an overview of the main changes between ETC-C 2012 and ETC-C 2010 
related to seismic analysis of concrete structures, other than concrete containments. 
 

Table 2. Changes between ETC-C 2012 and ETC-C 2010 in relation to seismic analysis of concrete 
structures (other than concrete containments) 

No 

 

ETC-C Section ETC-C 2010 ETC-C 2012 

1 1.3.2 
Classification of 
actions - 
Accidental 
actions 

It is noted that, according to EN 
1990, accidental actions that are not 
correlated should not be taken into 
account simultaneously in the same 
accidental situations, with the 
exception of a Loss-of-Coolant-
Accident (LOCA) + Design 
Earthquake 

The note regarding correlation of 
accidental actions has been removed. 
However, the combination of LOCA 
+ Design Earthquake remains as a 
functional requirement (Appendix 
1.G ‘Tables of Requirements’) 

2 1.3.3.3.1 Seismic 
actions 

Some information is given on the 
definition of the Design Earthquake 
by three independent oscillatory 
movements 

The information has been moved to 
Appendix 1.A ‘Seismic Analysis’ 

3 Table 1.3.3.-2 
General matrix 
of combinations 
of actions – 
Design 
Earthquake 
including 
induced 
vibrations 

Two load combinations are given for 
the Design Earthquake including 
induced vibrations: (1) for the 
accidental limit state (ULS.a) which 
includes verifications for the Static 
Equilibrium Limit State (EQU), the 
ultimate limit state associated with 
internal failure or excessive 
deformation of structural members 
where strength is a critical factor 
(STR) and the ultimate limit state 
associate with failure or excessive 
deformation of ground where 
strength of soil or rock are 

The load combination associated 
with the Static Equilibrium Limit 
State (EQU) has been removed 
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No 

 

ETC-C Section ETC-C 2010 ETC-C 2012 

significant in providing resistance 
(GEO). (2) for the Static 
Equilibrium Limit State (EQU) 

4 Table 1.3.3.-2 
General matrix 
of combinations 
of actions – 
Design 
Earthquake and 
climatic 
conditions 

Two similar ULS.a load 
combinations are given with the 
same load factors. The only 
difference is that these consider 
wind and snow actions separately 
 

The two load combinations have 
been consolidated into a single 
enveloping load combination 

5 1.4.8 Specific 
criteria for the 
design of buried 
structures 
(tunnels and 
galleries) 

No specific provisions are given in 
relation to seismic analysis 

A note has been added that seismic 
analysis can be based on EN 1998-4, 
Annex B 

6 1.A.3 
Representation 
of soil effects 

N/A A paragraph has been added stating 
that when several EPR projects are 
located on different sites, a generic 
design study can be performed 
instead of site specific design 
studies. In this case, the range of soil 
conditions used in the generic study 
must envelope the soil conditions of 
the specific sites 

7 1.A.3.1 Soil 
conditions – Site 
specific design 

N/A A note has been added that the 
values of soil layer properties must 
be in accordance with the values of 
geotechnical parameters defined in 
Table 1.9.2-3 

8 1.A.3.2.2 
Additional 
effects – Spatial 
variation of the 
free field motion 

Vertical propagating shear and 
compression waves may be 
assumed, provided that torsional 
effects due to non-vertically 
propagating waves are considered 

The sentence regarding vertical 
propagating shear and compression 
waves has been removed 

9 1.A.3.2.4 1 – 
Impedances 

N/A A new section has been added 
specifying that SSI should be 
modelled using six springs applied at 
each node of the structure raft 
interface. Alternatively a 
methodology based on discrete 
translational spring elements (3 DOF 
per node) is allowed. However it is 
required to assess that rocking and 
translational modes are not 
correlated by verifying that the 
corresponding effective masses of 
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No 

 

ETC-C Section ETC-C 2010 ETC-C 2012 

those modes are lower than 10%. 
Furthermore, specific attention is 
required to the identification of 
predominant modes of the system in 
each direction. 

10 1.A.3.3 Values 
of displacements 

N/A A new section has been added to 
specify the minimum separation ∆  
between adjacent structures as 
∆ = 2.0 ((1.5 ∆1)

2
 + ((1.5 ∆2)

1/2, where 
∆1 and ∆2 are the maximum 
computed displacements (by elastic 
analysis), relative to the base of the 
foundation of each structure, along 
the same axis. 

11 1.A.4.1 General 
requirements 
(modelling of 
structures and 
substructures) 

N/A A new paragraph has been added 
which states that additional 
accidental torsional effects in the 
analysis can be ignored, provided 
that it is shown that these are 
insignificant. Specifically, the 
additional shear loads induced in 
walls must be shown to be 
acceptably small compared to initial 
shear loads (within +10%). 
Furthermore, it is stated that 
sensitivity studies are required to 
address torsional effects. Methods 
based on EN 1998 or ASCE 4-98 are 
acceptable. If Finite Element 
Analysis is used, only live loads may 
be offset. 

12 1.A.4.5 
Modelling of 
hydrodynamic 
effects 

N/A A new paragraph has been added. 
This states that hydrodynamic 
effects shall be described using the 
formula from EN 1998-4, Annex A 
with the following modification: the 
impulsive time period and flexible 
impulsive height are replaced by 
those of ‘Seismic Design of Storage 
Tanks: Recommendations of a Study 
Group of the New Zealand National 
Society for Earthquake Engineering, 
December 1986’ 

13 1.A.8.1 Static 
methods (other 
methods of 
analysis) 

It is stated that, if justified, 
simplified linear static methods may 
be used for non-structural elements  

This provision has been expanded to 
state that, if justified, simplified 
linear static methods may be used 
for elements whose dynamical 
behaviour can be reduced to a 
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No 

 

ETC-C Section ETC-C 2010 ETC-C 2012 

unique mode. 
 
 
Most changes highlighted in Table 2 are in agreement with ACI 349-13/ASCE 4-98 and reflect good 
practice or are minor changes. Attention may be given to the following: 
 

• Specific criteria for the design of buried structures (5) 
• Modelling of hydrodynamic effects (12) 
• Static methods for seismic analysis (13) 

 
BS EN 1998-4: 2006 ‘Design of structures for earthquake resistance – Part 4: Silos, tanks and pipelines’ 
Annex B ‘Buried Pipelines’ is an informative annex which pertains to buried pipelines. It presents 
theoretical arguments that the soil-pipeline interaction problem can be reduced to a static problem, 
whereby the pipeline is deformed by the passage of a displacement wave without consideration of 
dynamic effects. A simple method is presented which gives an upper bound estimate of the strains in the 
pipeline, assuming perfect bond between pipe and soil and ignoring interaction effects with soil 
deformation. Soil motion is represented by a single sinusoidal wave and expressions for strains and 
curvature in the soil and the pipeline due to longitudinal and transverse movement of soil particles are 
given. 
 
It is worth noting that the scope of BS EN 1998-4 1.1 (4) states that “this standard may not be complete 

for those facilities associated with large risks of population or the environment”. Furthermore 1.1 (4) 
states that “although large diameter pipelines are within the scope of this standard, the corresponding 
design criteria do not apply for apparently similar facilities, like tunnels and large underground cavities”, 
which can appear to conflict with the scope of ETC-C for nuclear safety-related tunnels and galleries. 
 
ASCE 4-98 generally requires some form of SSI analysis but for certain special structures, such as buried 
pipes, conduits and earth-retaining walls, it allows the use of more simplified methods. For example, the 
well-known Wood method and Mononobe-Okabe method can be used to determine dynamic soil 
pressures of earth-retaining walls given certain conditions. Taking into account the scope of BS EN 1998-
4, for seismic analysis of nuclear safety-related tunnels and gallery structures it is recommended to 
undertake a validation of the approach given by Annex B of BS EN 1999-4, if adopted, using an 
appropriate approach according to ASCE 4-98. 
 
ETC-C 2012 has added a new paragraph in Section 1.A.4.5 for modelling of hydrodynamic effects. This 
states that hydrodynamic effects such as masses, heights and frequencies of impulsive and sloshing 
modes, shall be described using the formula from EN 1998-4, Annex A. The impulsive time period and 
flexible impulsive height are augmented by the provisions of ‘Seismic Design of Storage Tanks: 
Recommendations of a Study Group of the New Zealand National Society for Earthquake Engineering, 
December 1986’. Annex A of BS EN 1998-4 is an informative annex which outlines simplified seismic 
analysis procedures for primarily vertical cylindrical tanks on rigid or flexible foundation and with full or 
partial anchorage to the foundation. It provides analytical expressions for the calculation of impulsive and 
convective responses. Annex A is subject to the same scope limitations of BS EN 1994 noted previously. 
ASCE 4-98 lends itself to a wider scope for modelling hydrodynamic effects on nuclear safety-related 
tanks and submerged structures but is geared towards more rigorous types of analysis.  
 
ETC-C 2012 has expanded the provisions of 1.A.8.1 for applicability of linear static methods for seismic 
analysis to include structural and non-structural elements, provided that their dynamical behaviour can be 
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reduced to a unique mode. This is generally in agreement with the provisions of ASCE 4-98 for 
application of equivalent static methods. However, ETC-C 2012 does not include the specific 
considerations of ASCE 4-98 related to multiple-point-of-attachment models and combination of inertial 
responses and responses due to relative motion between different support point, dynamic amplification 
and use with structural elements of non-uniform mass distribution. Unless it can be justified otherwise 
that the application of this change of ETC-C is conservative for design, it is recommended to use the 
change in conjunction with the provisions of Section 3.2.5 of ASCE 4-98. In addition, accidental torsion 
using a 5% plan eccentricity perpendicular to the direction of excitation should be considered as specified 
by ASCE 4-98. 
 
CONCLUSIONS 

 
This paper presented a comparison of changes incorporated in the requirements of the EPR Technical 
Code for Civil Works (ETC-C) 2012 since its 2010 revision, against ASCE 4-98/ACI 349-13 and in 
relation to seismic analysis of nuclear safety-related concrete structures. Most identified changes are 
minor or in agreement with ASCE 4-98/ACI 349-13 and good practice. Some more significant changes 
related to seismic analysis of buried structures, modelling of hydrodynamic effects and use of equivalent 
static methods were identified and discussed followed by recommendations. Generally, it is recommended 
that for the seismic analysis of buried structures, modelling and hydrodynamic effects and use of 
equivalent static methods for seismic analysis that additional justification is provided for design, where 
applicable, and that the provisions of ETC-C 2012 are considered in conjunction with the provisions of 
ASCE 4-98. 
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