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FOREWORD 
 

In the past decade, seismic evaluation of existing Nuclear Power Plants (NPPs) has been 
an issue in western countries (particularly for the east of North America and for older NPPs in 
Europe) as well as in eastern European countries where systematic reviews of NPPs were carried 
out. Several Member States have still on-going seismic upgrading programmes. Presently, 
projects of plant life extension create an additional interest in safety evaluation of existing NPPs. 

 
Seismic evaluation is also an issue for other nuclear facilities. In western countries, 

some older facilities (laboratories, research reactors, fuel plants…) have been designed without 
taking into account (or poorly taking into account) earthquake input, even on seismic sites. In 
eastern countries, the situation is not yet clearly evaluated. In several countries concerns are 
expressed regarding research reactors. Generally speaking, the seismic evaluation of these 
nuclear facilities is not so advanced as the evaluation of NPPs and presents a wider range of 
different situations. 

 
Those safety issues raised by the seismic evaluation of existing NPPs are addressed in 

an IAEA Safety Report “Seismic Evaluation of Existing Nuclear Power Plants” (2003). Other 
nuclear facilities are, at least partly, covered by IAEA-TECDOC 1347 “Design of Nuclear 
Facilities other than NPPs in Relation to External Events, with a Special Emphasis on 
Earthquake” (2003) that supersedes the former TECDOC 348 “Earthquake Resistant Design of 
Nuclear Facilities with Limited Radioactive Inventory” (1985). 

 
Concurrently with the publishing of relevant documentation, the IAEA has organized 

this Symposium in order to foster the exchange of information on topical issues in seismic 
evaluation of existing nuclear facilities, with the aim of: 

• consolidating an international consensus on the present status of these issues, 
• promoting a homogeneous engineering approach of their resolution, 
• identifying the needs for strengthening international co-operation, 
• concurring on recommendations for the future activities of the IAEA. 

 
The following topical areas have been identified as subjects for sessions.  

• Questions related to seismic input motion. 
• Assessment of structures, systems and components. 
• Legal and regulatory framework  
• Experience feedback of seismic evaluation and upgrades 
• Preparation in case of a seismic event 
• Research and Development 

 
A panel session has been also organized on the expectations from international 

co-operation in the field of earthquake engineering. 
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EDITORIAL NOTE 

This publication has been prepared from the original material as submitted by the authors. The views expressed 
do not necessarily reflect those of the IAEA, the governments of the nominating Member States or the 
nominating organizations.  

The use of particular designations of countries or territories does not imply any judgement by the publisher, the 
IAEA, as to the legal status of such countries or territories, of their authorities and institutions or of the 
delimitation of their boundaries.  

The mention of names of specific companies or products (whether or not indicated as registered) does not imply 
any intention to infringe proprietary rights, nor should it be construed as an endorsement or recommendation on 
the part of the IAEA. 

The authors are responsible for having obtained the necessary permission for the IAEA to reproduce, translate 
or use material from sources already protected by copyrights. 
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IAEA-CN-106/41 

THE ECONOMIC EFFECT OF USING INDIRECT (EXPERIENCE 
DATA) VERSUS DIRECT METHOD (ANALYSIS AND TEST) IN 
NUCLEAR POWER PLANT DESIGN AND RE-EVALUATION 
 

 

 J.D. Stevenson 

 J.D. Stevenson Consulting Engineer, USA 

 
1. Introduction 
 
In Figure 1 is shown the cost of NPP seismic construction as a function of increased acceleration levels as 
compared to total nuclear power plant costs in the U.S(1) using NRC accepted analyses and shake table 
testing procedures.  As can be seen by this figure seismic construction based primarily on analysis adds 
significant cost to nuclear power plants.   
 
The effect of seismic design acceleration levels on nuclear plant costs when costs are based primary on 
design by analysis has long been an area of cost benefit concern to nuclear power industry owners. 
 
In Table 1 is presented typical direct seismic and total costs of 1100 MWe nuclear power plant in 
equivalent year 2000 dollars based on required engineering and construction of installed structures, 
equipment and distribution systems based on analysis in the following categories: 

(1) Site preparation and foundation media costs. 
(2) Cost of seismic site studies and response spectra generation. 
(3) Cost of building structures. 

a. Safety related 
b. Non-safety related 

(4) Cost of Safety Class (Seismic Category I) and non-safety related mechanical components--
vessels, tank heat exchangers, pumps, valves, fans, dampers, etc. 

(5) Cost of Safety Class (Seismic Category IE) and non-safety class electrical components--
generators, motor control centers, cabinets, switchgear, motors, batteries battery racks, etc. 

(6) Cost of Safety Class (Seismic Category I) and non-safety class mechanical and electrical 
power, control and instrumentation distribution systems--piping, tubing, ventilation duct, 
electrical conduit and raceways. 

(7) Engineering, regulatory and construction management costs. 
 
Cost increments tend to be highly nonlinear for categories (1) through (5) with little or no change in cost 
until a particular design limit is reached, resulting in a discontinuous jump which then remains constant 
until a new limit is reached and another jump is encountered.  For the distribution systems of category (6) 
costs tend to vary continuously as the square root of seismic acceleration level.  In addition, the methods 
of engineering analysis used in evaluating components to determine seismic design adequacy as 
defined in category (7), tend to become more rigorous as a function of increased acceleration 
level with a corresponding increase in the number of distribution systems supports and unit 
design costs.  Also, it should be understood that although engineering costs typically range 
between 5 and 10% of the cost of a typical component or structure, seismic analysis costs and 
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qualification, particularly for relatively small mass produced items, can in some instances equal 
or greatly exceed the total cost if the item supplied is no longer standard. 
 
2. Site Preparation and Foundations 
 
In this category the following affect costs: 

(1) Potential for liquefication. 
(2) Potential for sliding and overturning of structures. 
(3) Potential foundation-bearing-load and short term differential settlement failure resulting from 

seismic loads. 
 
On soil sites the first and third effects are generally controlled by the use of selected engineered backfill.   
 
The effect of overturning and sliding, assuming that a foundation failure has been precluded, depends on 
the energy input from the earthquake exceeding the energy required to lift and rotate or slide the structure.  
Common practice in analysis is to treat earthquake lateral interia forces in each mode of response in 
nuclear plant design determined by accelerations.  If this approach were taken on typical high-rise 
conventional structures, overturning would invariably result.  Since overturning of such structures except 
as a result of liquification is not typically observed in actual earthquakes, the acceleration based equivalent 
static load method can lead to erroneous and overly conservative results.   
 
Design against overturning and sliding for SSE or S2 Zero Period Ground Acceleration, ZPGA in excess 
of about 0.3g pga is usually provided by use of mat keys and increasing the lateral dimension of the 
building complex, that is, oversized base mats for containment or a common foundation mat with other 
structures.  In a few instances where good, competent rock has been available, rock anchors from base 
mats to foundation rock have also been used to increase lateral stability and provide a positive hold-down 
connection to the foundation media.  Time-history analysis or analyses which include the effect of ground 
motion displacement can significantly increase the apparent resistance to rigid body lateral seismic loads. 
 
3. Site Seismic Response and Generation of Site Dependent Spectra 
 
Historically design basis response spectra used in design were defined on a generic basis such as R.G. 
1.60 or IAEA Safety Guide S-1 shaped ground spectra.  More recently it has become common practice to 
develop site specific spectra which consider the unique characteristics of the plant foundation media and 
tend to result in less conservative spectra as compared to generic response spectra.  It should be 
understood that the R.G. 1.60 and SGS-1 spectra were more representative of spectra generated on sites 
underlined by relatively soft rock (shear wave velocity vs approximately equal to 1000 m/sec).  For site 
under laid by hard rock vs > 2000 m/sec) spectral peak response is typically above 10 Hz. 
 
4. Foundations 
 
NPP founded on soil with shear wave velocities less than 1200 ft/sec (400 m/sec) typically require the 
addition of selected engineering backfill to reduce potential foundation failure to acceptable margins of 
safety particularly with respect to liquification or slope stability.  Cost of this effort in the year 2000 
dollars estimated at 8 million. 
  
5. Building Structure 
 
In nuclear plant building structures, the effect of increased seismic acceleration loads is usually minimal.  
In deformed bar reinforced concrete structures which make up most structures designed for SSE ZPGA in 
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excess of 0.1g pga, the amount of seismic reinforcement is essentially proportional to the g-level of the 
earthquake. 
 
Seismic Category 1 Structures  
 

(a) Reactor containment 
(b) Reactor building internal structure. 
(c) Mechanical auxiliary building. 
(d) Electrical and control room building. 
(e) Spent fuel and high level waste storage building. 
(f) Diesel generator building. 
(g) Intake structure 
(h) Turbine building.  (This structure is not normally classified as Seismic Category I, but seismic 

design adequacy for SSE loading is usually required to assure no gross structural collapse 
which cold impair adjacent Seismic Category I components or structures.) 

 
Total cost of seismic upgrading of Seismic Category I structures, which consist primarily of increased 
concrete wall reinforcement increased stiffness of concrete floor and roof system and ductile detailing in 
2000 dollars is $4,200,000. 
 
6. Mechanical Component Costs 
 
The following type components are usually seismically evaluated by analysis: 

(a) vertical tank – low pressure. 
• Column supported. 
• Skirt supported. 

(b) Vertical tank – high pressure. 
(c) Vertical heat exchangers. 
(d) Horizontal heat exchangers 
(e) Motor pump unit, vertical. 
(f) Motor pump unit, horizontal. 
(g) Fan cooler unit 

 
Values and dampers are usually qualified by tests. 
 
The total increase in NPP cost for a 0.2 to 0.3g pga seismic qualification for mechanical components 
including anchorage is about $14.0 million for mechanical equipment.  Of this total is approximately $0.4 
million for seismic support and anchorage. 
 
7. Electrical Component Cost 
 
The seismic design adequacy of safety class electrical components is generally done by proof testing 
performed by the manufacturer on individual components.  Since malfunction of component assemblies 
under seismic loads is not usually amenable to analysis, the effect of electrical increases in electrical 
component costs as a function of acceleration level is evaluated by change in support and cabinet and rack 
design requirements.  The particular components considered are as follows: 

(1) Diesel generator and engines. 
(2) Transformers. 
(3) Motor control centers. 
(4) Control panel. 
(5) Switchgear. 
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(6) Instrument Panels and Racks. 
(7) Batteries and Battery Racks. 

 
The upgrading of electrical component supports and anchorage for a .0.2 to 0.3g pga earthquake amounts 
to approximately $10.2 million with $0.5 million of this total due to seismic anchorage requirements. 
 
Typically, mechanical and electrical component manufacturers have tended to select their design 
acceleration levels for generic operability qualification of off-the-shelf components as a percentage of the 
potential nuclear plant market in the 85 to 95% range.  These percentages in the upper limits typically fall 
in the 0.30g to 0.40 g SSE ZPGA range.  They then qualify their components generically either by test or 
analysis for this equivalent g acceleration level response in the building structure.  They are then able to 
supply approximately 85 to 95% of all nuclear plant jobs without any additional cost in seismic qualifying 
their equipment.  It should be understood the cost of these seismic equipment qualification costs are 
passed on as increased hardware costs.  The high seismic small percentages outside this range are 
evaluated on a case-by-case basis as a custom application potentially involving additional costs in 
seismically re-qualifying the equipment.  The total seismic cost of design and operability qualification of 
mechanical and electrical components for a 0.2 to 0.3g pga design basis earthquake is approximately 
$28.4 million dollars. 
 
8. Distribution Systems 
 
Unlike mechanical and electrical equipment, the distribution systems tend to be custom designed for each 
application.  In addition, the number of seismic supports required tends to increase directly with the square 
root of the acceleration level.  There are approximately 60,000 meters of safety related pipe with 
approximately 22,000 safety related supports.  Approximately 75 percent of the total cost of seismic 
engineering and construction is associated with distribution systems.   
 
9. Total and Seismic Direct Engineering Effort 
 
Current total direct engineering man hour effort on the part of the A/E in the design and analysis of a 
single 1100 MWe light water commercial nuclear power plant facility constructed in the U.S. is estimated 
at approximately 7,000,000 man hours over a ten year period.  Of this total direct engineering effort, it is 
estimated that approximately 15% of the A/E effort (1,000,000 man hours) can be attributed to the seismic 
design requirement at the 0.2 to 0.3g pga level.  This seismic design effort is shared among the various 
engineering disciplines associated with site evaluation; civil-structural, mechanical component; 
mechanical distribution systems; electrical component as well as heating and ventilating duct and 
electrical safety related distribution systems.  It should also be understood that typically one-third of this 
engineering effort in the U.S. is devoted to resolving Non-Conformance Reports and Design Change 
Notices encountered during construction essentially after design has been completed. 
 
Approximately 75 percent of the seismic cost results from seismic construction of distribution systems 
(primarily piping).  Another 7 percent is associated with the definition of seismic input, foundation and 
building design with a final 18 percent in mechanical and electrical equipment anchorage and equipment 
operability qualifications.  In Table 1 is a breakdown of the costs associated with total nuclear power plant 
and seismic related design and construction. 
 
10. Potential Use of Earthquake Experience Data (In-Direct Seismic) Design and 
Construction of NPP 
 
Historically, seismic design and qualification of nuclear power plants has been based on analysis of 
structures, mechanical and electrical distribution systems and mechanical components and shake table 
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testing and analysis of electrical equipment.  This has resulted in cost increases as a function of seismic 
pga as shown in Figure 1.  Approximately 75 percent of this cost increment is contained in the seismic 
design and construction of distribution systems piping as shown in Table 1.(2) 
 
Seismic re-evaluation of existing NPP was begun by the U.S. NRC in 1978 by its Systematic Evaluation 
Program.(1)  Results of this study suggested that NPP in the U.S. designed before 1972 should be re-
evaluated for seismic design adequacy.  In the U.S. approximately 69 plants fell into this category. 
 
It was soon realized that use of conventional direct seismic analysis and shake table testing design 
procedures for re-evaluation of existing plants would result in at least a 10 to 20 million dollar engineering 
effort for each NPP.  As a result a Seismic Qualification Utility Group, SQUG, was organized by NPP 
owners which funded research into the behavior of industrial mechanical and electrical equipment and 
distribution systems in actual strong motion damaging earthquakes.  Twenty classes of equipment were 
evaluated initially as shown in Table 2.  The evaluation developed seismic demand criteria, caveats as to 
equipment performance, anchorage requirements and spatial interaction effects.  The SQUG evaluations(4) 
and other evaluations(5) of industrial facilities response to strong motion earthquakes indicated that with 
careful control of the evaluation process, walkdowns of NPP could be performed which could be used to 
verify seismic design adequacy at a small fraction of the cost of conventional direct seismic analysis and 
tests.  In actual application of the applications of the earthquake experience typically took less than 10,000 
engineering man hours per plant at a total cost including any necessary upgrades of less than 2,000,000 
dollars.  This amount compares to seismic design by direct method analysis and test for equipment and 
distribution systems in a NPP which amounts to at least 800,000 man hours of engineering and a total of 
$200,000,000 for engineering and construction.  It is estimated that the use of direct methods for seismic 
qualification of structures and both standardized direct and in-direct or experience based seismic 
qualification of new NPP mechanical and electrical equipment and distribution systems for a 0.2g to 0.3g 
ZPGA would range between 80 to 90 million dollars.  This compares to approximately $200 million 
dollars that the current direct method requires.  In recent years the American Society of Mechanical 
Engineers(5,6) and EPRI(7) has been developing  seismic qualification procedures based on indirect as well 
as direct methods which could be used to design and construct new NPP seismically qualified systems and 
components. 
 
Using indirect seismic qualification methods(4,5,7,8) where feasible for new NPP design would result in 
seismic costs as summarized in Table 3. The cost of structure design qualification of mechanical and 
electrical equipment particularly that which has bee determined to be seismically rugged such as pressure 
vessels, horizontal pumps, power operated valves, etc. would be significantly reduced.  Cost of piping 
systems design qualification in particular would be significantly reduced by the use of more realistic 
damping factors to define seismic input and standardization of pipe support spacing and design.  This 
would include the effect of pendulum action lateral restraint effects for cold piping less than 10 inches in 
nominal diameter. 
 
Given the success of the seismic verification effort for over 100 existing nuclear power plants worldwide 
by use of earthquake experience, the obvious question is may or should, this procedure be applied to 
seismic qualification of new NPP construction?  This would result in a significant reduction in NPP costs 
with no loss of safety based on actual strong motion earthquake experience. 
 

REFERENCES 
 

[1] Senior Seismic Review Team, “Seismic Review of Dresden Nuclear Power Station – 
Unit 2 for the Systematic Evaluation Program,” NUREG/CR-0891, U.S. Nuclear 
Regulatory Commission, April 1980. 
 

7



 

[2] Stevenson, J.D., “Evaluation of the Cost Effects on Nuclear Power Plant Construction 
Resulting from Increase in Seismic Design Load, “ NUREG/CR-1508, April 1981. 

[3] Adams, T.M. and Stevenson, J.D., “Differential Design and Construction Cost of 
Nuclear Power Plant Piping Systems as a Function of Seismic Integrity and Time Period 
of Construction,” WRC 426, Welding Research Council Bulletin, November 1997. 

[4] Seismic Qualification Utility Group, “Generic Implementation Procedure (GIP) for 
Seismic Verification of Nuclear Plant Equipment,” February 1992. 

[5] QME-1 or Appendix A Rev. 1, “Qualifications of Active Mechanical Equipment Used in 
Nuclear Power Plants – Dynamic Qualification of Mechanical Equipment,” American 
Society of mechanical Engineers, 2003. 

[6] ASME B&PVC Section III Appendix N, “Dynamic Analysis Methods,” American 
Society of Mechanical Engineers, 2001. 

[7] NC1G-14, “ Procedure for Seismic Evaluation of Small Bore Pipe,” NP-6628 Electrical 
Power Research Institute, April 1990. 

[8] IAEA TECDOC-1333, “Earthquake Experience and Seismic Qualification by Indirect 
Methods in Nuclear Installations,” International Atomic Energy Agency, January 2003. 

 

8



 

 
Table 1. Estimated direct cost (in 2000 U.S. dollars) of an 1100-1300-MWE light water reactor plant 
constructed in the U.S. with natural draft evaporative cooling towers from start of project to commercial 
operation (120 months) including a 0.2 to 0.3g SSE peak ground acceleration using direct seismic design 
requirement 

 
ACCOUNT 

SEISMIC(2) 
COST 

TOTAL 
COST 

DIRECT COST IN MILLIONS   
Land and land rights 
Site specific seismic studies-spectra generation 
Soil site foundation media improvement 

-- 
2.0 
8.0 

4 
2 
8 

       Sub-Total 10.0 14 
   
Physical plant: 
 Safety Class – Seismic Category I Structures 
 Non-Safety Class Structures 
Reactor plant equipment(1) 
Turbine plant equipment 
Electric plant equipment(1) 
Spent fuel and nuclear waste storage 
Miscellaneous plant equipment (cooling tower) 

 
4.2 
-- 

11.0 
-- 

10.2 
3.0 
-- 

 
82 
50 
288 
250 
102 
55 
54 

       Sub-Total 28.4 881 
   
Spare parts allowance 
Contingency allowance 

-- 
5.0 

5 
100 

       Sub-Total 5.0 105 
Distribution Systems 
 Piping 
 Cable Trays and Conduit 
 Duct 

 
105.0 
4.0 
1.0 

 
250 
40 
8 

       Sub-Total 110.0 298 
Direct Overhead Costs 
 Regulatory and licensing 
 Construction facilities, equipment and services 
 A/E engineering conceptual and detailed design 
 A/E engineering support during construction 
 Construction management services 
Start-up costs 

 
1.0 
-- 

40.0 
4.0 
-- 
-- 

 
15 
84 
335 
65 
58 
38 

       Sub-Total 45.0 595 
Cost at Commercial Operation   
        TOTAL 198.4 1893.0 
(1) Approximately two-thirds of the total is safety related. 
(2) For a 0.2 – 0.3g pga soft soil site. 
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Table 2. Classes of 20 mechanical and electrical components 
 

1 MOTOR CONTROL CENTERS 
2 LOW VOLTAGE SWITCHGEARS 
3 MEDIUM VOLTAGE SWITCHGEARS 
4 TRANSFORMERS 
5 HORIZONTAL PUMPS 
6 VERTICAL PUMPS 
7 FLUID-OPERATED VALVES 
8 MOTOR-OPERATED AND SOLENOID-OPERATED VALVES 
9 FANS (VENTILATORS) 
10 AIR HANDLERS 
11 CHILLERS 
12 AIR COMPRESSORS 
13 MOTOR GENERATORS 
14 ENGINE GENERATORS 
15 DISTRIBUTION PANELS 
16 BATTERIES ON RACKS 
17 BATTERY CHARGERS AND INVERTERS 
18 INSTRUMENTS ON RACKS 
19 TEMPERATURE SENSORS 
20 I&C PANELS CABINETS 
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Table 3. Estimated direct cost (in 2000 U.S. dollars) of an 1100-1300-MWE light water reactor 
plant constructed in the u.s. with natural draft evaporative cooling towers from start of project to 
commercial operation (120 months) including a 0.2 to 0.3g SSEpeak ground acceleration using 
indirect seismic design requirement 
 
 
ACCOUNT 

SEISMIC(2) 
COST 

TOTAL 
COST 

DIRECT COST IN MILLIONS   
Land and land rights 
Site specific seismic studies-spectra generation 
Soil site foundation media improvement 

-- 
2.0 
8.0 

4 
2 
8 

       Sub-Total 10.0 14 
   
Physical plant: 
 Safety Class – Seismic Category I Structures 
 Non-Safety Class Structures 
Reactor plant equipment(1) 
Turbine plant equipment 
Electric plant equipment(1) 
Spent fuel and nuclear waste storage 
Miscellaneous plant equipment (cooling tower) 

 
4.2 
-- 

5.0 
-- 

7.2 
1.0 
-- 

 
82 
50 
282 
250 
99 
54 
54 

       Sub-Total 13.2 871 
   
Spare parts allowance 
Contingency allowance 

-- 
3.0 

5 
97 

       Sub-Total 3.0 102 
Distribution Systems 
 Piping 
 Cable Trays and Conduit 
 Duct 

 
40.0 
3.0 
1.0 

 
145 
37 
8 

       Sub-Total 44.0 190 
Direct Overhead Costs 
 Regulatory and licensing 
 Construction facilities, equipment and services 
 A/E engineering conceptual and detailed design 
 A/E engineering support during construction 
 Construction management services 
Start-up costs 

 
1.0 
-- 

8.0 
4.0 
-- 
-- 

 
15 
84 
303 
65 
58 
38 

       Sub-Total 13.0 563 
Cost at Commercial Operation   
        TOTAL 82.7 1740 
(1) Approximately two-thirds of the total is safety related. 
(2) For a 0.2 – 0.3g pga soft soil site. 
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Figure 1. Best Estimate Seismic Cost Increase for Constructing Between 2000 and 2010 Based 
on Direct Methods of Seismic Evaluation   
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Abstract. Ikata Nuclear Power Plant (NPP), West Shikoku Island, Japan, is located close to the Median Tectonic 
Line (MTL). Therefore, up-to-date seismic input motion associating fault rupture is required to confirm seismic 
safety. A design basis spectrum and seismic safety of the plant were re-evaluated. We confirmed that the 
spectrum was appropriate by using a semi-empirical Green’s function method in 2001. However, recent strong 
motion simulation for inhomogeneous fault rupture is more progressive than the latest estimation: Required fault 
parameters can be determined by empirical and physical scaling. Accerelograms from small events that can be 
used as the Green's function for the simulation have been observed at the site. Broadband seismic network by the 
National research Institute for Earth science and Disaster prevention (NIED) improved precise determination of 
source mechanisms for the empirical Green's function. The Headquarters for Earthquake Research Promotion 
(HERP) of Japanese governmental authority published a long-term evaluation of MTL. Although probability of 
fault rupture is very low in the long-term evaluation, we extendedly confirmed the spectrum by newly observed 
data and the recent approach for the new scenario of MTL. Simulated strong motion was below the design 
spectrum.  

1. Introduction 

The seismic design spectra for Ikata NPP were estimated by semi-empirical methods for an existing 
fault along MTL, because distance from the site to the fault is around 8km. The design basis S1 
(similar concept to 'SL1' of IAEA seismic safety standard, here after S1-new) was conservatively re-
evaluated and seismic safety capacity was confirmed by S1-new. However, the recent scenario scheme 
for inhomogeneous fault rupture has been much improved by empirical and physical basis [1] and 
more progressive than the previous reassessment [2]. On the other hand, long-term evaluation for 
MTL was published by HERP and it was found out that probability of longer rupture than the previous 
model could not be ignored [3]. Since conservative evaluation of seismic safety is required for NPP, 
we estimated strong motions from the evaluated fault model using the scenario scheme. 

2. MTL and Observation Site 

MTL of Quaternary fault is located across the Shikoku island from the north shore of the west-end of 
Shikoku to Kii peninsular of Honshu main island Japan and the total length is about 360km. As shown 
in Fig.1, Ikata site is located close to the West Ishizuchi-Iyonada segment of the west end of the MTL. 
Further, this segment of 130km seems to consist three minor segments of Iyonada, Iyo and Kawakami-
Shigenobu of 55, 35 and 40km. 
 
Ikata site is located on green schist of Vs=2600m/s (PS well-log). A vertical array observation is 
installed with accelerometers at depth GL-5m, -80m and -160m at the site. 10 small events has been 
observed by the array. Records at GL-5m could be used as a Green's function for the semi-empirical  
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Abstract. The presented paper shows some recent results for correlation of cumulative absolute velocity (CAV) 
with the macro-seismic intensity, magnitude and distance (attenuation functions). The analyses are based mainly 
on European strong motion data. The processing is performed separately for intermediate depth earthquakes 
(Vrancea seismic region), regional shallow earthquakes and moderate local earthquakes. The results show that 
CAV correlates with the intensity, magnitude and distance in similar way as the peak values of strong motion. 
There is significant difference of expected CAV from local earthquakes and from strong regional seismic 
excitations. The local earthquakes although producing high accelerations are developing small CAV and 
respectively small damage potential. The analyses show that intermediate depth earthquakes may produce 
significant CAV on very large distances, i.e. they may affect large territories and produce damage. The 
attenuation functions developed are used for prediction of CAV on the site of Kozloduy NPP in Bulgaria. 

1. Introduction 

There is a continuing trend in the earthquake engineering community to look for a better evaluator of 
seismic motion damage potential. Most specialists agree that the peak acceleration is not always 
efficient as an indicator of the potential damage although it is simple for use and leads to direct 
estimation of inertia forces. The seismic design still relies on classical spectral theory and 
accelerations. 

May be the first attempt to introduce more sophisticated and complex approach for assessment of the 
damage potential of seismic motion in the nuclear industry is the EPRI approach for estimation of 
OBE exceedance. It is based on evaluation of classical quantities as maximal values of acceleration, 
velocity and spectral ordinates as well as evaluation of the cumulative absolute velocity (CAV) that is 
considered as a complex indicator of strong motion damageability. The CAV is estimated as an area 
under absolute accelerogram. In US NRC RG 1.166 there is a threshold given for CAV that is 
0.16g*sec [1]. One should expect that under that limit the damage in an engineered structure is 
negligible. 

As indicated in RG 1.12 and RG 1.166 special seismic systems have to be used in order to evaluate 
CAV. The CAV is estimated only form records on free field [1]. For that purpose a new seismic 
instrumentation system for Unit 6 of Kozloduy NPP has been installed within a joint project with 
IAEA. The IAEA delivered the hardware in the late 2001. The system was installed at the end of 
September 2002. 

One essential feature of the new system is that it is covering the requirements both of US NRC RG 
1.12 and 1.166. Among those is the procedure for OBE exceedance. As known the procedure includes 
two basic steps: the first one is a comparison of the registered acceleration and velocity response 
spectra with the defined OBE spectra at the site; the second step is to compare the calculated CAV 
value of the registered event with the code value of CAV, that is 0.16g*sec. 

The bounding values used in US NRC RG 1.166 are based on registered data and damage estimation 
mainly in USA [2], [3]. One of the main objectives of that approach has been the estimation of high 

19

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Nein     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: AbbrechenEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Ja     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Error     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile (‹ñI)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket true     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages false     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 1200     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



 

 

frequency cut off of seismic excitations. The analyses are based on records that generally correspond 
to frequency content compatible with US NRC RG 1.60 response spectra. As known there are many 
nuclear sites in Eastern and Central Europe affected by long period excitations produced by 
intermediate depth earthquakes. Such excitations are not covered by EPRI analyses. 

For adjusting and operation of the new seismic system of Unit 6 we have performed detailed analyses 
for estimation of expected CAV at the site of Kozloduy NPP. The reasons for that are: the site specific 
free filed response spectra of Kozloduy NPP are different from those in US NRC RG 1.60; the seismic 
hazard at the site is governed by Vrancea seismic sources (intermediate depth earthquakes) that are not 
covered by EPRI analyses; structural vulnerability according to EMS (European Macro-seismic Scale) 
may differ from those in MMI scale (used by EPRI). The presented hereafter results are part of the 
analyses for assessment of the CAV standardized value for the site of Kozloduy NPP. Although the 
analyses are site specific the results achieved are related to the broader issue of applicability of CAV 
for damage prediction. 

Figure 1. Standardized CAV calculation [3] 

2. Methodology for standardized CAV calculation 

According to US NRC RG 1.166 the CAV defined in equation (1) is used to incrementally calculate 
CAV in one-second intervals as follows: 

Where a(t) is an acceleration value in one-second interval where at least one value exceeds 0.025 g 
and i=1, n (n is equal to the record length in seconds). Figure 1 illustrates this process assuming a 
sampling rate of 5 samples per second [3]. In a real earthquake record, the data will be analysed in 
each one-second interval at the data-sampling rate, usually 50 to 100 samples per second. The 
threshold of 0.025g is a significant assumption for definition of standardized CAV. If that value is 
changed the CAV value of the record will change also. If the value is assumed zero, then the CAV will 
depend of the duration definition. The change of that limit may have influence of the correlation 
between CAV and seismic damage as discussed in other analyses [3], [4]. The best correlation 
between CAV and damage has been estimated for threshold 0.02g [4]. In the further presented 
analyses a threshold of 0.025g is used. 

∫ −
+=

ti

1ti
/a(t)/dtCAViCAV (1) 
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3. Strong motion data base 

The strong motion database is constructed to reflect the seismic features of the Kozloduy site. The 
seismic hazard at the site is governed by three types of sources: local sources within the 30km area 
around the NPP, shallow sources at distances 30 to 150km, intermediate depth sources – Vrancea 
source region. Those sources generate different seismic motions. The local sources are able to generate 
earthquakes with magnitudes up to 5. The regional shallow (depth up to 30km) sources generate 
magnitudes up to 7. The Vrancea intermediate depth (100-150km) sources are 320km away from 
Kozloduy site and may generate magnitudes up to 7.5. For all the analyses the European Strong-
Motion database is used [5]. We have added strong motion records from Vrancea source zone (strong 
events in 1977, 1986 and 1990) as well as some records from local Bulgarian sources. The following 
table represents the main features of the database, separated according to the seismic characteristic of 
the investigated site. 

Table 1. Main features of the database 

Data base Total number of 
records 

Number of records 
with CAV≠0 

Number of records with 
defined local intensity 

Regional sources 3188 1568 786 
Local sources 134 90 14 
Vrancea sources 86 76 0 

 
The locations of the records are presented in figure 2 [5]. It could be seen that database covers most of 
the active seismic zones in Europe, however the biggest part of the records are from Italian and Greek 
earthquakes. 

An essential feature of the database is the indication of seismic intensity felt on recording site. The 
seismic intensity is according to European Makroseismic Scale (EMS) [5]. As known the EMS is a 
modernized MSK scale and it is often used for risk analysis of urban areas. The reason is the detailed 
description of the damages for different type of structures. According that scale there are 5 damage 
grades: level 1 represents small architectonic damages; level 5 corresponds to total damage. The 
structures are divided in 6 vulnerability classes from A to F. The vulnerability classes D, E and F 
correspond to engineered structures with good ductile behaviour. The structure damage starts with 
intensity 6 where one may expect nearly 25% of the structures with moderate level of seismic design 
to have damages of grade 1. Also some 5% of the structures with high level of seismic design may 
have damages of grade 1. In a similar way the damages are defined up to intensity 12. 

The records in the database are indicated with seismic event, for each event there is an estimation of 
magnitude according to different magnitude scales. In the present analyses Ms is used because of the 
relative long epicentre distances applicable for prediction of effects on the investigated site. This 
assumption may lead to some incorrectness when analysing near field records. For each event the focal 
depth is presented and for each recording site the distance to the epicentre is given, too. A graphic 
presentation of the data is shown in figures 3 to 5. 

Each recorded component of seismic motion is considered as an independent record. No additional 
filtration or data processing has been applied. Only corrected acceleration time histories are used. The 
additional records from Vrancea sources and from local Bulgarian sources are corrected according to 
the uniform procedure of the European database. All additional records are taken at free field. The 
European database contains also records at structures and dams. 
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Figure 2. Location of the strong motion recording stations 

Table 2. Database summary: magnitudes, intensity, and distances  

Ms Distance (km) IMSK Database 
max min max min max min 

Regional 7.8 2.55 401 2 X II 
Local  5.2 2 34 2 VII IV 
Vrancea 7 6.3 319 4 - - 
 
Tables 2 and 3 are showing summary of other important features of the database. As it could be seen 
the database is covering very large range of seismic excitations with significant effects on civil 
structures (EMS intensity up to 10). The mean value of acceleration of the regional sources is 0.09g, 
i.e. the there is very large number of records with small maximal accelerations. As we are looking for 
effects on engineered structures we have selected records with defined Ms, and CAV greater then 
0.02g.sec. In that way the number of records of the regional sources is limited to 967 with magnitudes 
between 4 and 7.8. The Vrancea source records are limited to a number of 68. 

The records with defined intensity on site are mainly from the regional sources. Graphic presentation 
of the data is given in figure 6. As shown there are significant numbers of records with low PGA and 
low CAV but relatively high intensity. In order to reduce the insignificant records we have selected 
from each event only the closest records and also in cases of equal epicentre distance those with higher 
CAV. The number of significant records with defined local intensity has been reduced to 291. The 
minimum acceleration of the database with indicated intensities is 0.02g, and the minimum intensity 
considered in the database is 3. 

Table 3. Database summary: CAV, acceleration, velocity  

CAV (g*s) Acceleration (g) Velocity (g*s) Database 
max min max min max min 

Regional 3.3548 0.00312 1.2627 0.025 0.10183 0.00001 
Local 0.4122 0.00503 0.3618 0.02605 0.00993 0.00038 
Vrancea 0.6064 0.0039 0.2971 0.0253 0.07313 0.0013 

22



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Regional sources: CAV versus magnitude Ms and distance (5km window) 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4. Local earthquakes database: CAV versus Ms and distance (5km window) 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Vrancea database: CAV versus magnitude Ms (6.3-7) and distance 

2 4 6 8Ms

0.01

0.1

1

10

C
AV

 (g
*s

ec
)

0 100 200 300 400
DISTANCE (km)

0.01

0.1

1

10

C
A

V 
(g

*s
ec

)

3.6 4 4.4 4.8 5.2
Ms

0.01

0.1

1

C
AV

 (g
*s

ec
)

0 10 20 30 40
DISTANCE (km)

0.01

0.1

1

C
AV

 (g
*s

ec
)

0 100 200 300 400
DISTANCE (km)

0.01

0.1

1

C
AV

 (g
*s

ec
)

6.2 6.4 6.6 6.8 7 7.2Ms

0.01

0.1

1

C
AV

 (g
*s

ec
)

23



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Regional sources. PGA and CAV versus IMSK (EMS) 

4. Correlation between EMS and CAV 

Considering figure 6 it should be expected that there is some correlation between CAV and macro-
seismic intensity. Similar correlation should exist also between PGA and I. The engineer experience is 
that acceleration is poor predictor if seismic effects, i.e. it is difficult to predict PGA based on intensity 
estimation. As data is available mainly from regional sources we have performed a simple analyses to 
look for an exponential fit to the data. The result is presented bellow with the equations (2) and (3). 
The coefficient of determination for PGA is lower than that for CAV, i.e. 0.2 and 0.5 respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Correlation between PGA, CAV and intensity MSK 

A graphic presentation of the equations and their fit to the data are shown in figure 7.  

Ln(PGA) = 0.24 I - 3.9 [g]           (2) 

Ln(CAV) = 0.57 I - 6.3 [g.sec]           (3) 
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Equation (2) is leading to relative low accelerations for high intensities and relative high accelerations 
for low intensities in comparison with the well-known relation of MSK scale (the origin of the EMS). 
For example the equation (2) is showing acceleration 0.08g for intensity 6, the corresponding MSK 
acceleration is 0.05g. Equation (3) is giving CAV about 0.056g*sec for intensity 6. The threshold of 
0.16g*sec corresponds to intensity 7.8. As already mentioned even for moderate intensities, i.e. 
intensity 6 and 7 some damages in well-engineered structures could be expected. Opposite to the belief 
that the CAV threshold of 0.16g*sec is a conservative estimated limit for seismic damage, the 
database shows quite high probability that damage may occur at significant lower CAV levels. It 
shows also that there is significant number of records with CAV lower than 0.16g*sec for which 
intensity 9 has been assigned at recording site. 

There is also a hypothesis that the CAV correlates better with damage than most of the other seismic 
motion parameters do. Indeed, the correlation of CAV with intensity is better than that of the PGA. 
However the correlation is not very strong. 

5. Correlation between CAV and Ms. Attenuation curves for CAV 

For the aim of seismic hazard analysis usually the seismic sources are described with maximum 
expected magnitude. Based on that and using attenuation curves for different strong motion parameters 
one could predict the seismic effects on an arbitrary site. The European strong-motion database has 
been used by Ambraseys et al. for prediction of PGA and spectral accelerations [7]. We use a similar 
approach for prediction of CAV. Using the data from regional sources we have found strong 
correlation between Ms and average CAV, figure 8. 

 

 

 

 

 

 

 

 

 

Figure 8. Exponential fit CAV versus Ms, data from regional sources 

Ln(CAV) = 0.846 Ms - 6.3           (4) 

The analyses follow the main feature of the procedure applied by Ambraseys et al. [7]. The attenuation 
model used includes magnitude and distance as independent variables. The general form of the 
equation is: 

Log(CAV)=B0+B1*Ms+B2*log(R)+ σ*P         (5) 

 
Where R=SQRT(h2 + d2), h is epicenter distance, d is depth of hypocenter; Ms - surface wave 
magnitude. The standard deviation of log(CAV) is σ and the constant P takes a value 0 for mean 
values, 1 for 84% and -1 for 15% values of CAV respectively. 
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A direct one-stage regression analysis has been used. The coefficients computed are given in Table 4. 
The procedure is applied to each one of the constructed databases. 

Table 4. CAV attenuation function coefficients 

Database B0 B1 B2 σ 
Regional sources -2.88 0.44 -0.565 0.37 
Local sources -3.55 0.606 -0.461 0.21 
Vrancea source  0.13 0.139 -0.81 0.3 

 
We have not used additional separation of records according to soil type at site as it is done in [6]. 
Also the regression analyses applied are quite simple, nevertheless the standard deviation of log(CAV) 
is within the expected range for that sort of processing. We have to stress on the fact that the 
coefficients computed apply only for the distances and magnitude ranges of the database used.  

 

 

 

 

 

 

 

 

 

Figure 9. CAV attenuation curves for h=30km and h=10km; regional sources 

 

 

 

 

 

 

 

 

 

Figure 10. CAV attenuation, h=5.5km;  Figure 11. CAV attenuation curves, h=100km; 
local sources Vrancea source 
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Comparing the results obtained (figures 9 to 11) it is obvious that the local sources may hardly 
produce CAV values greater than the limit of 0.16g*sec. Regional sources generate CAV values 
greater than the limit if either they are close to site or magnitude is greater than 6. The Vrancea source 
generates strong motions with high damage potential (results are valid for magnitudes 6 to 7); the 
CAV remains high and almost constant for great distance (affected area is large). The attenuation 
curves are shown for their valid ranges in figure 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Comparison between attenuation curves for regional, local and Vrancea sources 

6. Site specific CAV 

Using the estimated attenuation curves the expected CAV at the site of Kozloduy NPP could be 
computed, table 5. We have assigned maximum expected magnitude and typical distance and depth for 
seismic sources around the site. The mean value of prognostic CAV is lower than the threshold value 
of 0.16g*sec for all potential sources around the site, although events with the characteristics used are 
governing the SSE of the plant. For comparison we use the attenuation low of Ambraseys et al. [7] for 
prediction of PGA from local and regional sources and also the corresponding attenuation function for 
Vrancea source [8]. The corresponding acceleration attenuation functions are given by equations (6) 
and (7). 

Table 5. Prognostic CAV at the site of Kozloduy NPP 

Sources Ms h d PGA (mean) CAV (mean) 

  km km g g*sec 

Regional 7 150 30 0,04 0,9 
Local 5 5 5 0,19 0,12 
Vrancea 7.8 330 100 0,16 0,14 

 

log(PGA) =-1,39 + 0,266Ms – 0,922log(R ) + 0,25σ  (g) for local and regional sources [7] (7) 

PGA = 10,225exp(0.458M)(Rh+25)-1.307  (g) for Vrancea sources [8]     (8) 
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The prognostic results show that Vrancea earthquakes may produce the most serious effects at the site 
of Kozloduy NPP. The PGA produced by local earthquakes is higher but the corresponding CAV 
value is lower in comparison to the effects of Vrancea earthquakes. The PGA produced by local 
sources is equal to SSE maximum acceleration at the site but the CAV remains under the threshold for 
OBE exceedance. 

The usual design practice is to use PGA values that are approximately mean plus one standard 
deviation in order to introduce conservatism. When selecting threshold value for CAV the 
conservative approach is to select mean value minus one sigma. Considering the US NRC RG 1.166 
threshold it appears that most probably the 0.16g*sec will hardly be exceeded at the site investigated. 
Unfortunately, it does not mean that the OBE of Kozloduy NPP will not be exceeded during the 
lifetime of the plant. 

7. Conclusions 

The analyses performed show that CAV is better predictor of damage in comparison to PGA. 
Unfortunately there is significant variation of the values and the certainty for damage prediction when 
using CAV is not very high. 

European data used show that intensity 6 may correspond to CAV mean values that are about 
0.06g.sec. The nuclear facilities are rugged structures that poses usually much more seismic margin 
than the ordinary structures. In the same time we have to take into account that the turbine units and 
most of the auxiliary facilities are designed according to common industry standards. Because of that 
the conservative approach requires careful estimation of the criteria for OBE exceedance. 

The attenuation functions derived may be used for preliminary estimation of expected CAV values at 
site. It is also possible to perform probabilistic hazard analyses using those curves in order to predict 
probability for exceedance of some predefined level of CAV. The results presented are only an attempt 
to analyse one aspect of the sophisticated nature of strong motions. The accumulation of data and the 
more detailed approach to damage description may contribute for better understanding of the 
phenomena. 

It is needed strongly to emphasize that the procedure for OBE exceedance outlined in several 
documents of EPRI and US NRC is much more sophisticated and deep in content than the estimation 
of CAV values. This study is only an effort to discuss one particular aspect in specific seismic 
environment. 
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Abstract. The main objective of such a work is to define the seismic hazard characteristics and the engineering 
aspects for the site belonging to the Egyptian Atomic Energy Authority at Inshas area using the application of 
the microearthquake survey. Five kinemetrics digital seismographic event recorders model SSR-1 have been 
erected around this site. The recording was continuing for six months period. Also, seismological data have been 
collected encircling 320 km radius around the site of interest. The processing and interpretation of the collected 
data revealed that the epicenters of the earthquakes around the site are distributed along two main seismo-
tectonic trends crossing each other. Seismic hazard equation characterizing the area was estimated, in which a = 
2.78 and b = 0.6. The design-basis peak ground acceleration should be taken into account at Inshas site was 
calculated to be 0.15 G. 

 
1. Introduction 
 
In the siting of nuclear power plants or any nuclear facility, the adequacy of seismological database is 
often questioned. According to IAEA (1985), The use of microearthquake data may be one excellent 
and powerfull tool in providing further insight into the siting decisions related to seismicity for a 
nuclear facility (nuclear power plant, radioactive waste disposal repository, research reactor etc). 
Information on microearthquake in a region can be acquired through the installation of 
microearthquake network. The sites where these stations will be emplaced should be carefully chosen. 
The microearthquake survey may contribute in; the identification of the location of a fault without 
surface expression near the site, contribution for reaching decisions regarding whether or not a known 
fault is active, identification of activity related to other geological features like salt dome, diaprism, 
etc , identification of induced seismicity, determination of abrupt change of rate of earthquake 
occurrence due to reservoir impoundment or hydrocarbon extraction and injection from nearby 
deposits and finally, determination of general background seismicity in seismo-tectonic region of the 
site to help in correlation of structures with earhtquakes. 
 
2. Site Location and Description 
 
The site considered is located inside the fence that determines the land belonging to the Egyptian 
Atomic Energy Authority at Inshas area as shown in Figure.(l).  This land has an area of 5 km2 and is 
located in the govemorate of Kaliobiah desert zone, in the NNE direction from the capital Cairo. The 
site lies about 10 km from Abu Zaabal and about 35 km from Heliopolis (a subrub of Cairo). The site 
is surrounded by Ismailia canal from the west and a desert land from the east. In the other direction, it 
is bounded by agricultural and industrial neighborhoods. Moreover, the site is connected to the 
national roads, Cairo-Belbies and Ismailia highways via two secondary roads. 
 
3. Geologic and Tectonic Situation 
 
The site of interest is located at the eastern margin of the Nile Delta. So, many studies have been dealt 
with the geology of this area. The geology of such an area could be summarized in the next 
paragraphs. Stratigraphically, the sedimentary section in the Nile Delta region consists of rocks 
belonging to Tertiary and Quaternary (Rizzini et al, 1976). The lithologic sequences are represented 
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by interclations of sand, clayey sand, shale, anhydrite and dolomite limestone.  The most widespread 
Cenozoic volcanicity in Egypt is represented by the basalt of Late Oligocene to Early Miocene age, 
that founds as sheets and dykes in the southern, central and northern Western Desert as well as, in the 
Nile Valley and Nile Delta (Greenwood, 1969). 
 
The structural geology of Northern Egypt including the area of study has been evolved during the Late 
Oligocene and Early Miocene times. Then, it remains almost inactive except from minor tremors and 
earthquake. In spite of the fact that, the Nile passes through a seismo-tectonic zone, no evidence of 
volcanic activity or major faulting is known later than the Early Miocene (Menesy and Kreuzer, 1979). 
El-Shazly et al, 1963, stated that, two faults have been localized at Inshas site, one of them is located 
under the Quaternary sediments and the other is observed on the surface at a distance of about 3 kms 
to the east of Ismailia canal. The trend of the faulting is generally north-south, although is deflected 
northwards to the west. There is no record that these faults are seismic. 

 
4. Instrumentation and Field Work 

 
The microearthquake survey has been conducted using five Kinemetics digital seismographic event 
recorders model SSR-1. This type of recorders consists of three channels connecting to three 
components seismometer model SS-1. The system of recording is provided with GPS to locate the 
position of the station. Field data retrieval and control of SSR-1 was achieved by using notebook 
computer and Quick Talk (QT) computer program. Also, the graphical display of received events in 
the field has been achieved using the Quick Look (QL) computer program within the QT program. 
The complete processing and interpretation of the recorded events have been accomplished through 
another seismic work station software. The following parameters were specified for each event; 
determine P and S arrival times, locate the hypocenter and magnitude, calculate and plot the fault 
plane solution and plot the epicenter location on geographical map. The earthquake work stations have 
distributed around the site of interest in a circle of 50 km radius as shown in Figure (2). They were 
located at Inshas, Bilbeis, Kattamia, 6-October and Khatatba regions. The geographical coordinates of 
each station as defined by GPS are shown in Table 1. 
 
Table 1. The geographical coordinates of the erected stations 

 
Station Latitude Longitude Elevation 
Inshas 30 °29 31 °4 48m 

Belbeise 30°25 31 °7 185m 
Kattamia 29 °98 31 °4 228m 
6-October 29°98 30 °9 221m 
Khatatba 30°20 30 °8 119m 

 
5. Processing and Interpretation 
 
Sixty nine micrpearthquakes were recorded during the six months recording periods. The arrival times 
of P-wave and S-wave were registered for each event using SWS-1 computer software. This software 
determines the epicenter and the magnitude for each event as shown in Table 2.. 
 
Table 2. The recorded Microearthquakes parameters during six months 
 

Serial 
No. Date Time Lat. Long. M 

1 15/09/94 10:12:24 29°49' 48 31 °13' 48" 2.62 
2 15/09/94 11:43:04 29°48' 18 31 °43' 06" 2.67 
3 18/09/94 12:54:48 29°47' 42" 31 037' 12" 2.27 
4 21/09/94 09:13:51 30 °201 54 31 °10' 54" 2.55 
5 22/09/94 12:48:00 29°46' 42" 31 °331 48" 2.18 
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6 25/09/94 15:29:51 29°441 12" 31 °05' 54" 2.61 
7 27/09/94 13:05:45 29°391 00" 31 049- 54" 2.67 
8 01/10/94 15:16:07 32°27' 39" 29 °31' 35' 3.40 
9 02/10/94 21:47:36 30°13' 18" 31 °47' 00' 2.49 

10 04/10/94 10:44:17 29°451 30" 31 °39' 30" 2.82 
11 04/10/94 13:35:30 30°23' 59" 31 °14' 16" 3.50 
12 04/10/94 15:12:17 29°50' 36" 31 °41' 36" 2.75 
13 05/10/94 14:04:53 29°51' 42" 31 °45' 00" 2.82 
14 07/10/94 03:34:39 29038' 18" 30°28' 42" 3.73 
15 09/10/94 08:08:31 29°48' 00 31 °34' 48" 3.91 
16 11/10/94 11:35:59 29°551 12" 30°49' 48" 2.49 
17 11/10/94 11:36:05 29°55' 00" 30 038- 30 2.32 
18 12/10/94 12:17:55 29°58 30 37°07' 00" 3.20 
19 12/10/94 12:18:37 29°54' 12" 30°52' 48" 2.05 
20 13/10/94 09:36:38 30°01' 12" 30 °301 00" 2.40 
21 13/10/94 09:38:39 29°50' 30" 31 °07' 12" 2.25 
22 14/10/94 02:47:07 29°52' 30 30049' 48" 2.77 
23 16/10/94 05:22:32 30°281 42" 31 043' 54" 2.39 
24 16/10/94 05:22:34 29°57' 30 30°391 00 2.73 
25 16/10/94 11:56:03 30°12' 00 31 °17' 12" 2.81 
26 10/11/94 00:28:35 30°05' 00 31 °41' 00" 2.30 
27 11/11/94 23:31:07 30 °08' 00 31 039' 00 2.27 
28 13/11/94 12:21:27 29 °54' 24 30°42' 30" 2.11 
29 13/11/94 13:08:20 29°51' 30 30°47' 18" 2.06 
30 13/11/94 14:12:48 29 °54' 24 30°421 30' 1.96 
31 14/11/94 00:45:00 30°04' 00 31 °43' 00 2.20 
32 14/11/94 21:38:55 30°05' 36" 31 °45' 00 2.12 
33 16/11/94 23:16:32 30°10' 18 31 °35' 30 1.86 
34 16/11/94 23:59:57 30°10' 18 31 °39' 30" 2.10 
35 20/11/94 11:30:50 29°48 30 31 °02' 24 1.70 
36 20/11/94 12:07:28 29°51' 00" 31 °05' 42" 1.70 
37 20/11/94 16:07:02 29°55 18 30°45' 48 1.99 
38 21/11/94 09:14:11 29 °5\ 00 30°47' 30 2.10 
39 21/11/94 12:21:25 29°53' 24" 31 °05 30 2.09 
40 22/11/94 12:05:13 29°52' 30" 30°50 00 2.09 
41 10/12/94 12:00:58 29°54' 30" 31 °07' 00 1.76 
42 10/12/94 12:56:40 29°52' 48" 31 °07' 00 1.76 
43 10/12/94 14:22:57 29°57' 00" 30°481 24" 1.96 
44 11/12/94 13:35:59 29°59' 30 31 °08 00 1.82 
45 12/12/94 03:14:44 29 °53 42 31 °03' 12 2.13 
46 20/12/94 10:07:55 29°51' 42" 31 °07' 48 1.85 
47 22/12/94 12:46:00 29°49' 24" 31 °07' 18 1.77 
48 23/12/94 10:33:13 29°47' 30 31 °11' 00 2.45 
49 23/12/94 10:33:16 29°39' 42" 31 °04' 52" 2.57 
50 25/12/94 08:48:23 29°54' 30" 31 °09' 00 2.16 
51 28/12/94 09:30:20 29°56' 30 31 °09' 42 1.85 
52 29/12/94 12:31:54 29°53' 18" 31 °08' 48 1.76 
53 06/01/95 22:50:51 29°37' 30 30 °30' 42 2.95 
54 08/01/95 09:24:15 30°04' 00 31 °10' 00 2.07 
55 08/01/95 11:30:15 30 °04' 00 31 °10' 00 1.42 
56 09/01/95 02:18:22 29°46' 26 31 °13' 07 2.50 
57 12/01/95 11:11:21 29 °53' 48 31 °11' 00 2.10 
58 14/01/95 14:40:11 29°46' 48 31 °14' 00 2.21 
59 16/01/95 17:55:13 29°47' 30 31 °14' 00 2.18 
60 16/01/95 17:55:37 29°47' 48 30°30 00 2.33 
61 17/01/95 19:41:08 29°47' 48" 30°291 30 2.22 
62 19/01/95 09:59:32 29°52' 00 31 °08 00 1.85 

32



 

63 23/01/95 11:29:13 30°06' 00" 30°45' 18 1.85 
64 24/01/95 11:10:04 29°53' 12 30°47' 00 1.71 
65 25/01/95 07:22:22 29 °52' 00 30°19' 00 2.29 
66 25/01/95 07:23:30 29°52' 00 31 °17 16 2.19 
67 28/01/95 10:19:03 30°06' 30 30 °45 00 1.85 
68 29/01/95 13:32:44 29°54' 42 30°44 48 1.93 
69 23/02/95 10:33:20 29°58 48 32 °01 42 2.59 

 
These events has been located on a map as shown in Figure 2 and used to determine the following 
aspects. 
 

5.1. Identification of the location of the fault 
 
The distribution of epicenters of the recorded microearthquakes suggested that, two major 
seismotectonic trends occupied the area of study. The first trend has NE-SW direction and the second 
takes the NW-SE direction. These two trends coincide with the two major ones suggested by 
Kebeasy, 1990. The first trend coincides with the East Mediterranean-Cairo-Fayum Pelusiac trend 
and the second one matches with the Northern Red Sea-Gulf of Suez-Cairo-Alexandria Clysmic trend 
suggested also by Kebeasy. 

 
5.2. Identification of the seismicity related to geologic features 
 
The investigation of surface and subsurface stratigraphy of the Delta region where the site in question 
is located, reflected that, the stratigraphic sequence is completely free from the geologic formations 
(like evaporites) may led to the occurrence of diaprism phenomenon. This phenomenon is always 
accompanied by microearthquake occurrences. But, in the further future, it is expected that the 
recurrence nature of the microearthquake occurrences may be evolved due the increasing withdrawal 
of the underground water in the reclaimed lands to serve agricultural purposes and the extraction of 
hydrocarbon especially in the northern part of the Nile Delta region. 

 
5.3. Identification of induced seismicity 
 
The induced seismicity is mainly connected to the presence of water bodies near or at the area of 
concern. Ismailia canal represents the main source of surface water in Inshas area and its surroundings. 
In the meantime, it is considered the main source of groundwater recharge in the area. This subsurface 
flux of groundwater from the canal to the aquifer may increase the potential for the microearthquake 
occurrences due to the preexisting fault nature of the studied area. The explanation of the effect of this 
water in generating micoearthquakes is two folds. The water flow to fill the crevices and cracks in 
these preexisting faults underground. This interstitial water leds to the increase of the pore pressure 
which led to in turn to a reduction of shear strength of rocks and gouge materials inceasing the 
potential of earthquake occurrence. Second, because of the fractured conditions of rocks in the 
preexisting fault zones, the preferred flow of water is along micro-cracks and fault planes, affecting as 
an important source of lubrication. This conditions will led to the rejevunation of the inactive faults 
(IAEA, 185). 
 
5.4 Evaluation of the frequency-magnitude relationship 
 
The use of micro-earthquake data to estimate or predict larger magnitude events is still an evolving 
science. It is advised, therefore, that the micro-earthquake survey data would not be used as a direct 
extrapolation to make magnitude determination for the design basis ground motion at the site. Instead, 
it is recommended that the continued acquisition of micro-earthquake survey data be utilized in 
conjunction with other available geological and seismo- logical data to provide further confirmation of 
the siting decisions which are being reached (IAEA, 1985). So, seismological data were collected from 
1920 to 1993 in a circle of 320 km radius around Inshas site (Figure 3). The main sources of these data 
are Helwan Station Bulletins (HSB), Jordon Seismological Observation Bulletin (JSOB) and the 
Egyptian geological survey catalogue. This data beside the micro-earthquake data were used to 
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construct the Gutenberg-Richter magnitude-frequency relationship as shown in Figure 4. The a and b 
constants were estimated to be 2.37 and 0.6 respectively. Accordingly, the hazard equation of the site 
of concern is in the form;  
 

Log N/y = 2.37 – 0.6M 
 
The expected maximum earthquakes magnitude at different return periods have been estimated using 
the above equation and tabulated in Table 3. 

 
Table 3. The expected earthquake magnitude at different 

 

Return period 10 years 50 years 100 years 200 years 
Magnitude 5.6 6.78 7.2 7.78 

 
It is worth mentioning that all these expected earthquake magnitudes have the same probability to 
occur at any point inside the circle of 320 km radius. So, the seismogenic structures in this circle 
should be carefully studied. The peak ground acceleration caused by the potential earthquakes could 
be calculated by using the worldwide attenuation model taking into consideration the distance 
between the site and the nearest seismogenic structure as epicentral distance. 
 
5.5. Estimation of the peak ground motion 
 
According to Reiter, 1990, the ground motion at a particular site can be influenced by three main 
elements: source, travel path and local site conditions. The first describes how the size and nature of 
earthquake source controls the generation of earthquake waves, the second describes the effect of the 
earth on these waves as they travel (at some depth) from the source to a particular location, and the 
third describes the effect of the uppermost several hundred meters of rock and soil and the surface 
topography at that location on the resultant ground motion. In this work, the derivation of the 
Gutenberg-Richter relationship was carried out using about 1742 events collected from different 
sources. The magnitudes of these events had been attenuated to the site in question to determine the 
peak ground motion in terms of peak ground acceleration using Bath attenuation model (1973). It is 
shown that the events that occurred in 1931 (lat. 30° 4 and long. 31° 4) and 1974 (lat. 30°  5 and 31°7) 
with magnitudes 4.0 and 4.9 respectively had the maximum effects on the site giving rise a peak 
ground acceleration 24.8 cm/sec2 and 12.9 cm/sec2. Meanwhile, the earthquakes of magnitude greater 
than 6 that occurred in the east and west Mediterranean, the Red sea, Gulf of suez and Gulf of Aqaba 
have minimum effects on the site. So, the distance to the Abu Hamad seismogenic structure should be 
taken as the represented epicentral distance in the attenuation equation. This distance was measured to 
be 25 km. 
 
In order to calculate deterministically, the design-basis ground motion, at Inshas site, the maximum 
potential earthquake that characterizes the area of concern should be defined. It is determined using 
one of the suggested methods (Reiter, 1991) to be 6.3 magnitude. Taking the fore-mentioned 
epicentral distance, the calculated maximum potential earthquake and using the attenuation model of 
Bath, the peak ground acceleration may affect the site is calculated to be 150 cm/sec2 or 0.15 G. 
 
6. Conclusions 
 
From the previous discussion, it could be concluded that, the earthquakes epicenters at Inshas area and 
its surroundings are distributed along two main seismo-tectonic trends crossing each other. The first 
trend has NW-SE direction and the second one is oriented NE-SW. Also the occurrence of the 
microearthquakes may be evolved in the future due to the underground water flux from Ismailia canal 
to the water-bearing aquifers and the preexisting fault nature of the area. The increasing of the 
withdrawal of the underground water and the hydrocabon extraction especially, in the Nile Delta 
region, may play a role in this increments. Moreover, this study revealed that, despite the Abu Hamad 
earthquakes which occurred in 1931 and 1974 have moderate magnitudes (4 and 4.9) but they have the 
maximum effects on the site of interest comparing with the large magnitude taking place in the 
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Mediterranean sea, Red sea, Gulf of Suez and Gulf of Aqaba regions. Finally, the design-basis peak 
ground acceleration that should be taken into consideration in the design of any nuclear facility may 
be erected at Inshas site, was calculated to be 0.15 G. 
 

REFERENCES 
 
Bath, A.E.; 1973: Introduction to Seismology; REV. ed. Basal., Boston, Stuttgart, Birkhacuser. 
El-Shazly, E.M.; Makram, W.; 1963: Selection of the site for the First U.A.R. Nuclear Power 
Station; P.R.-G.E.-S2 (1963). 
Greenwood, R.J.; 1969: Radiogenic Dating of Five Basalt Samples Submitted by the Gulf of Suez 
Petoleum Company; Oilfields Report No.297,Robertson Research Company Limited. 
IAEA, 1985: Application ofmicoearthquake surveys in nuclear power plant siting; a technical 
document issued by the International Atomic Energy Agency at Vienna. 
Kebeasy, R.M.; 1990: Geology of Egypt; Seismicity, Chap. 5, Edit by R. Said, Balkem Roterdam, 
Brookfield. 
Meneisy, M.Y.; Kreuzer, H.; 1974: Potassium/Argon Ages of Egyptian Basaltic Rocks; Geol. Jahrb., 
V.8, P.21-31. 
Reiter, L.; 1991: Seismic Hazard Analysis, Columbia Univ. Press, New York. 
Rizzini, A.; Vezzani, F., Cococcetta, Milad, G.; 1976: Stratigraphy andSedimentaion of Neogene, 
Quaternary Section in the Nile Delta Area(A.R.E.); Fifth Exploration Seminar,Egyptian Petroleum 
Cooperation. 
 
 

35



 

 
 
 

36



 

 

37



IAEA-CN-106/04P 

SEISMIC HAZARD ASSESSMENT IN FRANCE AND 
ASSOCIATED UNCERTAINTIES  
 

 

 C. Berge-Thierry, O. Scotti, F. Bonilla 

 IRSN/DPRE/SERGD/Bureau d’évaluation des Risques Sismiques pour la Sûreté des 
Installations Nucléaires, France 

 
Abstract. In France, seismic hazard assessment for nuclear power plants is guided by a specific regulation, 
which is based on a deterministic approach (RFS2001-01), revised to account for recent scientific discoveries 
made in the field of paleoseismology and of site effects.  According to the regulation, seismic hazard assessment 
at a site requires to identify the characteristics of the "Maximum Historically Probable Earthquake" (MHPE), 
selected from the historical (1000 years) and instrumental seismic catalogs.  One or more MHPE are finally 
considered as the most penalizing earthquake(s) liable to affect the site. At each step of the assessment some 
conservative hypothesis are considered in order to comply with safety requirements. 
As a complementary study, we are developing a site-specific Probabilistic Seismic Hazard Assessment (PSHA). 
This allows an exhaustive exploration of the uncertainty on the hazard level due to both model uncertainties and 
random uncertainties. The methodology proposed combines a logic tree structure with a Monte Carlo 
exploration. The site of interest for the pilot study is situated in the South East of France, where numerous 
potentially active structures have been mapped. Uncertainties inherent in seismicity catalogues, seismicity 
models, attenuation laws and definition of seismic source geometries will be explored, including the behavior of 
potentially active faults. The results of this study will be used in an ongoing Probabilistic Safety Assessment 
study that is being performed at IRSN. 
 
1. Introduction 
 
Seismic hazard assessment in France faces two challenges: a moderate to low seismic activity and a 
poor knowledge of the source zones.  Irrespective of the applied methodology, seismic hazard 
assessment requires to identify and model the sources producing the seismic activity, either as diffuse 
zones or as faults, and to predict the seismic motion at the site of interest. This motion is the input data 
for the structural engineers for the power plant design or for the resistance tests. This paper illustrates 
the similarities and differences in the way uncertainties are taken into account between two 
methodologies: the deterministic one following the approach recommended in the French Safety Rule 
for the seismic hazard assessment for NPP, and the probabilistic currently under development at IRSN. 
 
2. The French Safety Rule (RFS) For The Seismic Hazard Assessment Of Nuclear Power 
Plants  
 
2.1. The French context 
 
Seismic hazard assessment in moderate seismic activity countries such as France is always 
challenging. Because of the low deformation rate in the country and the long return period of large 
earthquakes, it often remains difficult to link historical earthquakes to well identified faults. Moreover, 
despite considerable progresses in recent years (using geodetic information for example), it is very 
hard to clearly identify seismogenic structures and their associated seismic potential. Seismogenic 
zones are thus defined to partly account for this lack of knowledge. The seismicity knowledge is given 
by both historical catalogue (SisFrance database) and instrumental records. Nevertheless, the period 
covered by these two sources (around 1000 years) may not be sufficient with respect to the return 
period of great earthquakes. For this reason, the RFS, revised in 2000, now takes into account 
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information provided by paleoseismological studies (Lemeille et al., 1999) thus lengthening the period 
of seismic activity that should be considered.  
 
2.2. Global scheme of the RFS2001-01 procedure 
 
The approach described in the rule is deterministic. The first step consists in defining the parameters 
of the earthquakes characterizing the seismicity of the site. The region of the site is then geologically 
and seismologically studied, in order to define "seismotectonic zones": such zones are supposed to be 
homogeneous with respect to their geology and seismic potential. It is assumed that historical 
earthquakes are likely to occur in the future, with an epicenter in the most penalizing position for the 
site of interest. The reference parameter for this step is the intensity and not the PGA or other spectral 
ordinate. One or more "Maximum Historically Probable Earthquake" (MHPE) are finally selected and 
considered as the most penalizing earthquake(s) liable to occur over a period of about 1000 years. 
Indeed, when MHPE is not located in the site zone, it is moved inside the zone it belongs to as close as 
possible to the site. If the MHPE is in the site zone and it is not clearly associated with a fault, it is 
positioned directly under the site. A "Safe Shutdown Earthquake" (SSE) is associated to each MHPE 
and is obtained by increasing the MHPE magnitude by 0.5. These SSE are considered as producing the 
most aggressive movements in the evaluation of the seismic risk to an installation. Seismic motions 
associated to reliable paleoevents in the vicinity of the site should be compared to the motions due to 
the SSE. 
 
The site is then characterized by one or more MHPE and their associated SSE defined by a magnitude 
and a site-to-event distance couple. The assessment of the magnitude from macroseismic data is not 
constrained by the RFS, allowing the operator to use the most adequate and updated methodology. 
 
The final step of the methodology consists in the evaluation of the seismic motion linked to these 
reference events. Seismic movements related to the MHPE and the SSE (and possible 
paleoearthquakes) are the response spectra of horizontal and vertical motion at the surface of the site. 
These spectra are computed using an attenuation law (Berge-Thierry et al., 2003), which gives, for a 
magnitude and distance couple, a pseudo-acceleration value on a wide frequency range (0.1 to 34 Hz). 
The coefficients of the attenuation law have been obtained by an inversion procedure using a seismic 
database of almost 1000 accelerograms. As the French strong motion database is too scattered, the 
European strong motion database (Ambraseys et al., 2000) completed with American records has been 
considered. The coefficients are available for two site categories (rock and alluvium). These 
coefficients are available for magnitudes greater than 4 and site to earthquake distances greater than 7 
km. The final seismic hazard at the site is the mean value of the spectral acceleration. Other important 
parameters complementary to the response spectra can be considered, such as the time series, Arias 
Intensity, or duration. 
 
2.3. Uncertainties and margins in the RFS 
 
Even if the RFS procedure is deterministic, the seismic hazard assessment coming from its application 
does not correspond to the worst scenario with respect to the NPP site. Regarding the global RFS 
methodology described above, one can easily exhibit uncertainties and margins: the seismotectonic 
zonation reflects the limits of knowledge, with respect to the location of active faults and the 
potentiality of these sources. The characterization of the magnitude and the precise location (in depth) 
of historical and instrumental events is also associated to uncertainties, often linked to the quality of 
the basic data, i.e. the number and the reliability of macroseismic data or instrumental records. The 
geologic characterization of the site finally conducts to 3 situations, “rock” and “sediment” for which a 
classical attenuation relation is recommended to compute the strong motion, whereas a specific study 
is required in case of a site exhibiting shear wave velocities lower than 300m/s, or associated to 
particular geometries (sedimentary basins, topography, …) where site effects and /or non- linear soil 
behaviors are anticipated. The application of the attenuation law in the RFS is restricted to the mean 
value. The standard deviation is not considered in the RFS methodology. 
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Concerning the explicit margins in the RFS, which tend to account for uncertainties described above, 
the first one is the shift of the M.H.P.E. to the most penalizing location with respect to the site. This 
margin is clearly inhomogeneous over the national territory and strictly controlled by the 
seismotectonic zonation. The second margin comes from the definition of the SSE, which is computed 
by increasing the MHPE magnitude by 0.5 unit.  
 
During the seismic re-evaluation of existing N.P.P., discussions concern most of these steps. The 
major difficulties today come predominantly from the choice of the limits describing the different 
seismotectonic zoning, which directly affects the choice of the reference M.H.P.E event. The second 
difficulty that is encountered is the selection of reference events. Uncertainties associated with 
zonation, macroseismic and instrumental data should be systematically considered in the definition of  
the M.H.P.E . 
 
3. Uncertainties and Margins using a Logic Tree Approach 
 
To provide a quantification of the uncertainty to the RFS procedure, we have developed a logic tree 
approach that combines Cornell’s method (1968) and a smoothed seismicity model (e.g. Woo, 1996) 
(Figure 1). The exploration of the different branches is performed through a Montecarlo procedure. 
The following is a brief description of the different nodes that have been developed so far: for 
example, we consider three French seimotectonic zonations developed for probabilistic studies. In 
addition, the evaluation of the magnitude of the historical catalogue is an ongoing issue. Furthermore, 
the seismicity model (the Gutenberg-Richter) varies from region to region and it also depends on the 
magnitude range used to compute the GR parameters. Due to the presence of numerous potentially 
active faults located within 100 km from the nuclear site under investigation, we have also considered 
characteristic earthquake models for each fault. Finally, two European attenuation laws are used to 
account for the uncertainty on the ground motion estimate. 
 
Preliminary results show that most of the seismic hazard is controlled by diffused seismicity for return 
period less than 10.000 years, whereas the characteristic earthquake model begins to appear at around 
100.000 years. This result is not surprising, given the low strain rates characterizing the region. As a 
consequence the uniform hazard spectrum seems to be dominated by high frequency, low magnitude 
near-by events even for very long return periods.  
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Abstract. The existing research reactor at the Lucas Heights facility, on the southern outskirts of Sydney, 
Australia was commissioned in 1958. Earthquake ground motion estimates and fault rupture hazard for safety 
evaluation have frequently been commissioned since that time. Notable trends in this work, and in recent studies 
for the replacement reactor project, are: 
• for probabilistic rather than deterministic estimates of ground motion,  
• increased attention to uncertainty in the calculations,  
• a trend away from using historical seismicity as the sole dataset, and,  
• most recently, a multidisciplinary approach was taken to evaluate faults mapped in the bedrock beneath the 

reactor hall of the replacement facility. 
In 1966 a 55 year historical earthquake catalogue of the region was used to estimate Modified Mercalli Intensity, 
and based on the largest (magnitude 6) earthquake that had occurred in the catalogue, a 0.13g Peak Ground 
Acceleration (PGA) was estimated. This earthquake was then regarded as the maximum magnitude for the 
“intraplate” continental margin setting. Regional and site geology assessment concluded that no major faults 
disrupted the site. Recent studies for the replacement reactor project in the period 1999-2003 have concluded that 
the 10,000 year return period mean PGA is 0.37g. This was derived using a fully probabilistic model 
incorporating a logic tree structure to assist in uncertainty assessment of all parameters. Other aspects of recent 
projects include:  
(i) calculation of the full range of ground motion periods of interest to the structural design team; (ii) 
deaggregation of the ground motion estimates to identify the most important sizes and distances of earthquakes 
contributing to the ground motion estimate; (iii) development of time histories from appropriate historical events, 
(iv) assessment of bedrock faulting exposed on the site in terms of plate tectonics, contemporary in-situ stress, 
earthquake focal mechanisms, paleomagnetic signature of fault mineralisation, and a probabilistic approach to 
fault rupture recurrence.  
 
1. Introduction 

 
The Lucas Heights research reactor, on the southern outskirts of Sydney, Australia (Figure 1) was 
commissioned in 1958. Earthquake ground motion estimates and fault rupture hazard studies for on-
going engineering design and safety evaluation have been commissioned on a frequent basis since that 
time. These include both externally commissioned studies (e.g. Mumme, 1966 & 1976; Michael-
Leiba, 1990; Gaull et al, 1990), and in-house reviews (e.g. DTC, 1982; Higson, 1990; NSB, 1989, 
1993). Planning and design related to the Replacement Research Reactor Project (RRRP) initiated 
another round of seismic hazard assessment, culminating in primary and supplementary reports by the 
New Zealand Institute of Geological & Nuclear Sciences (GNS, 1999; Stirling & Berryman, 2001). In 
addition to ground motion hazard calculation for seismic design purposes a regional and site survey 
for fault hazard has recently been completed (Langridge et al., 2002; Webb et al., 2002).  
 
This paper summarises the results of seismic hazard calculations performed for the Lucas Heights 
facilities over the past 40 years or so, briefly describes the methodologies employed, and analyses the 
principal reasons for differences in the numerical estimates of hazard. 
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2. Methodologies 
 

Seismic hazard analysis work completed for the Lucas Heights facility has been rigorous, and 
generally advanced, especially considering the general tectonic setting of eastern Australia where felt 
earthquakes are infrequent and seismic hazard is not routinely considered.  

Figure 1. Seismicity of the Australian plate, 1977-1997. Although most seismicity is concentrated at 
the plate margins there are low rates of activity in the plate interior. Lucas Heights is located in the 
southeast part of the continent. Data from USGS, NEIC. 
 
The early work of Mumme (1966) provided a determinstic estimate of the hazard at the site that was 
based on the magnitude of the largest earthquake to occur in New South Wales in the previous 55 
years (M6). In addition, there was a first-principles approach to the possibility of surface fault rupture. 
This was an advanced approach for a tectonic environment where, not until very recently, has there 
been some acceptance of the need to address the possibility of surface fault rupture, no matter what the 
tectonic setting. 
 
All of the studies of seismic hazard for the Lucas Heights facility have suffered from a paucity of data. 
In eastern Australia this is the result of low seismic activity rates and a short period (c. 230 years) of 
written history. Consequently, the use of the historical catalogue of seismicity, as a basis for 
delineation of seismic source zones, earthquake frequency-magnitude relations and b-value estimation, 
maximum earthquake magnitude estimation, and attenuation of large magnitude earthquake energy, is 
problematic. In similar vein, attempts at determining the possibility for surface faulting at the site, or 
in the region in general have been difficult. This is because of the short historical record, the relative 
absence of young geological formations to record recent deformation (the lack of young geological 
units is itself a qualitative indicator of minimal surface faulting driving landscape change), and lack of 
systematic study of this topic in Australia. 
 
Recent studies (e.g GNS, 1999; Stirling & Berryman, 2001; Langridge et al, 2002; Webb et al, 2002) 
have attempted to overcome the data limitations mentioned above by incorporating additional sources 
of data, including that from large historical events that have occurred in similar tectonic provinces in 
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other parts of the world. Also, the use of recently-developed and more rigorous methods of uncertainty 
analysis such as with logic tree decision structures has resulted in improved hazard estimation. 
Specific incorporation of the likelihood applied to alternate models and uncertainty in all parameters 
required for PSHA has been used to determine mean and various hazard percentile levels. Extensive 
logic tree alternatives have been sampled using a monte carlo technique. Using these numerical 
techniques has facilitated sensitivity testing so that the most critical parameters and their uncertainty 
can be identified. 
 
3. Results 

 
For the purposes of comparison we represent hazard by the single parameter - peak ground 
acceleration (pga). The estimates of seismic hazard at Lucas Heights have generally risen since the 
first study in the 1960s, primarily because of changes to seismicity parameters and source zone 
definitions, and changes to the methods used to estimate the hazard at the site. One of the key 
parameters contributing to the ground motion estimate is the b-value of the frequency-magnitude of 
historical seismicity. This parameter becomes very important when extrapolating well beyond the 
length of the historic record as in the case for Lucas Heights where ground motions with a 10,000 
return period are estimated from a catalogue that is limited in completeness for even 100 years. The 
effect of a high b-value (more than unity, which is a worldwide average) is to increase the recurrence 
interval for large magnitude earthquakes. Another significant change has been the way in which 
seismic attenuation has been applied. Only in the most recent studies have attenuation relationships 
that have been formulated for the spectral periods encompassing the natural period of the structures 
been used. Prior to that Modified Mercalli Intensity attenuation has been converted to acceleration via 
an empirical relation to obtain pga, and that has then been scaled to produce a spectral shape (Table 1). 
 
The evaluation of the surface fault rupture hazard is now more detailed because of significant new 
exposure in site works for the RRRP, and exposure of features of concern that had to be addressed 
with respect to IAEA definitions of capable faults. This has led to several new findings with respect to 
faulting in the Sydney area: 
• bedrock faulting in fact common throughout the Sydney basin whereas it has previously been 

considered unusual. 
• fault style, in-situ stress measurements, and earthquake focal mechanisms can all be compiled into 

a reasonably consistent regional setting, and the site faults can be reconciled with the regional 
kinematic model. 

 
Table 1. Comparison of seismicity parameters and PGA estimates  
 method Mmax b-value attenuation mean PGA σ 
     105 yr return  
Mumme, 1966 D M 6 -------- MMI 0.13 1 ----- 
DTC, 1982 D    0.13-0.18  
Michael-Leiba, 1989  P ML 7.0 1.05-1.13 MMI 0.15-0.19 0.09 
C&H, 1990 2 P ------- 1.05-1.13? 3 MMI? 0.17 0.06 
Gaull et al., 1990   ML 6.1 1.16 MMI NC 4 NC 
Corran, 1995 D & P ML 6.1 1.05-1.13 MMI 0.17 5 0.06 
GNS, 1999 P Mw 7.5 0.85-1.03 ENA+WNA+W 6 0.41 7 0.18 8 

S&B 2001 9 P Mw 7.5 0.85-1.03 ENA+WNA 0.37 10 0.12 8 

Comments 
1. ground motion converted from MMI and associated with maximum possible earthquake.  
2. C&H = Corran & Harries. 
3. the b-value used by C&H is not recorded, but presumably the Michael-Leiba values were used. 
4. Gaull et al. did not calculate 105 yr ground motions, but were similar to the GNS values at 5x102 
years. Note however the b-value is much higher than later studies. 
5. Apparently calculated assuming similar seismicity parameters (especially b-value) to those of 
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Michael-Leiba (1989).  
6. ENA = eastern North America, WNA = western North America, W = worldwide intraplate 
7. Lower b-value range of 0.85-1.03 (based on latest seismicity catalogue and modelling) than previous 
studies has raised the hazard. 
8. 84th percentile 
9. S&B = Stirling & Berryman 
10. S&B 2001 about 10% less than GNS 1999 largely because of alternate choices of attenuation 
models 
 
Table 2. Surface Fault Rupture Evaluation 
 method possibility of surface faulting 
Mumme, 1966 historical seismicity most unlikely, but uncertain 
Webb et al 2002 probabilistic recurrence model using  mean recurrence of c. 13 million  
 single event surface displacement on 

the site fault historical seismicity 
years, associated with mean 
estimate of M5.5 earthquake 

 fault density, fault rupture scaling, and   
 regional geologic (strain) model  
Langridge et al  map site faults, determine single event last surface fault rupture 
2002 surface displacement, identify and date on site fault is greater than 
 unfaulted alluvium with luminescence 9±4 million years ago 
 methods, date unfaulted iron   
 mineralisation on youngest fault with  
 paleomagnetic methods  
 
• the geology of the faults can be reconciled with an extrapolation of the historic rate of seismic 

moment release to derive a probabilistic estimate of the recurrence interval of surface movement 
on the site faults. 

• unfaulted iron mineralisation in bedrock adjacent to the site faults has been dated at 9±4 million 
years by measuring the magnetic signature and correlated with the motion of the Australian plate. 

• the results above are consistent by two techniques and demonstrate that the site faults cannot be 
considered capable, based on guidelines prepared by both US NRC and IAEA for the siting of 
nuclear power plants, and well-exceed the somewhat qualitative guidelines available for siting of 
research reactors. 

 
4. Conclusions 

 
The evolution of seismic hazard assessment methodology as it has been applied to the Lucas Heights 
facility is consistent with worldwide trends. Deterministic calculations have been superseded by 
probabilistic approaches. The use of the historical seismicity catalogue as the sole dataset on which to 
base the hazard calculation has been superseded by a multidisciplinary approach. Early estimates of 
ground motion were done in terms of Modified Mercalli Intensity, translated to peak ground 
acceleration, and further modified by scaling to spectral ground motion. Later calculations have been 
directly in terms of spectral ground motion with an ability to focus attention on the ground motion 
estimates at the natural period of the structure and its critical elements. The evolution of seismic 
hazard methodology concerning all of these factors has been especially important when calculating 
ground motions with return periods of about 105 years, which is what has become the standard period 
of interest for nuclear facilities, but usually an extreme extrapolation of the historical earthquake 
catalogue. Thus, at Lucas Heights we identify the following factors as reasons why ground motion 
estimates have risen over time: 
• Better determination of the b-value parameter of the frequency-magnitude distribution of 

seismicity,  
• Statistical tests of the completeness of the historical seismicity catalogue,  
• Development of attenuation relationships appropriate for different parts of the world,  
• Evaluation of the maximum magnitude earthquake that can occur in a region using geological and 

geophysical constraints.  
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• Improved methods of identifying, quantifying, and utilising uncertainty in each of the input 
parameters of hazard estimation. 

 
The surface fault rupture hazard has recently been evaluated on a first principle basis when features 
have been exposed in the site. The frequency of such features in the Sydney area is considerably 
greater than initially considered, but has been reconciled with historical seismicity rates, fault area and 
earthquake magnitude, and contemporary stress as interpreted from in-situ stress measurements, 
earthquake focal mechanisms, and sparse GPS data. 
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Abstract. The August 17, 1999 Izmit (Turkey) earthquake (Mw=7.4) will be remembered as one of the largest 
earthquakes of recent times that affected a large urban environment [1].  The shaking that caused the widespread 
damage and destruction was recorded by a handful of accelerographs in the earthquake area operated by different 
networks. Within the epicentral area and particularly in South Izmit Bay there were no strong-motion stations. 
However, following the main shock, temporary dense arrays were deployed at two main regions of South Izmit 
Bay: in Gölcük and in and around Yalova, 50 km to the west of Gölcük. Recorded aftershocks are analyzed 
using spectral ratio techniques. Aftershocks are also used to estimate the motions at the time of the main event of 
17 August 1999. These estimates provide insight as to the extent of damage as well as what might be expected 
during future earthquakes. 

1. Introduction 

It is now well known that improper design and construction practices played an important role in 
detrimental performance of more than 20,000 structures during the August 17, 1999 (Mw=7.4)  Izmit 
earthquake. This being a given, the main goal must be to improve design and construction practices. 
During this process, it is important to assess the recorded ground motions, site effects and other 
earthquake related hazard issues which need to be considered during rebuilding efforts.  

On-scale recordings of ground shaking during earthquakes are important for understanding causes of 
earthquake damage and the physics of fault rupture, and for advancing design codes. Approximately 
38 strong-motion mainshock ground records were retrieved by different institutions in Turkey that 
operate strong motion networks. 

The purposes of this paper are to (a) discuss the characteristics and engineering implications of the 
strong-motion records of the Izmit, Turkey earthquake, and (b) deduce from aftershock recordings, the 
site response characteristics and estimated mainshock motions at select locations where there were no 
stations to record the mainshock. 

2. Strong-Motion Records 

2.1. The Networks and Recorded Accelerations 

The National Strong-Motion Network of the Earthquake Research Department of the Ministry of 
Public works (NSMN-ERD), the largest strong-motion network operator in Turkey, has aimed to  
deploy one strong-motion instrument in every major town within the earthquake zones of Turkey. This 
systematic effort on part of NSMN-ERD, supplemented by strong motion stations deployed by 
Kandilli Observatory and Earthquake Research Institute (KOERI) and Istanbul Technical University 
(ITU) in Istanbul and Marmara Region, produced very significant and important records that will be 
useful for studying the earthquake and establishing important and necessary criteria in rebuilding 
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efforts. These organizations recorded the main shock at 38 stations within the epicentral region. Peak 
accelerations of the records from some of the stations are plotted on the map in Figure 1. To date, 
detailed site characterizations of these stations have not been documented. 

 

Figure 1. Map showing significant peak accelerations (g) in the earthquake affected area, plotted at 
relative locations of significant strong-motion stations within and in close proximity to the epicentral 
area (Base map courtesy of BKS Surveys Ltd., N. Ireland). Approximate fault rupture trace is also 
shown. Stations YPT and SKR are two significant stations referenced in the paper. 

At the time of the earthquake, the strong-motion network in the epicentral area, as well as in other 
segments of the North Anatolian Fault and elsewhere in Turkey, was quite sparse1. Therefore, it is 
important to consider that recording of larger peak accelerations was possibly missed. For example, no 
record of the mainshock was obtained in Gölcük and vicinity in the immediate  epicentral area where 
there was extensive damage. Hence, absence of strong-shaking records inhibits reliable evaluation of 
the effect of the shaking and consequential damage on the typical structures in the area. In addition, 
only one record (minus a component due to malfunction) was retrieved from Adapazari, at station 
SKR, which was on stiff soil in the undamaged part of Adapazari. There were no permanent stations in 
the fast-growing urban/industrial areas of the Adapazari basin. The peak accelerations in the basin 
almost certainly were  amplified compared to that recorded at the stiff soil site. Records of the shaking 
in the basin would have likely revealed different characteristics such as amplification due to softer 
layered media, basin effects, and in certain areas, the effect of liquefaction that occurred.  

Therefore, during the main shock of the August 17, 1999 earthquake, the largest recorded peak 
accelerations (SKR, 0.41 g horizontal and Düzce, 0.48 g vertical) were most likely not the largest that 
actually occurred. This possibility is strengthened by the fact that accelerations with larger peaks were 
recorded during events of smaller magnitude. This is illustrated in Figure 2 which shows three 
acceleration time-histories recorded during: (a) the SKR record cited above, (b) the Ms=5.7 aftershock 
on 13 September 1999 at Tepetarla (a temporary station near Izmit) with peak ~ 0.6 g, and (c) the 
November 12, 1999 (Ms=7.2) Duzce event, station (Bolu) with peak ~ 0.8 g (EW). 

                                                      

1 Since 1999, new strong-motion networks have been deployed in the epicentral areas of 1999 earthquakes to 
facilitate better and more widespread recording of strong shaking during future events. 
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Figure 2. Comparison of peak accelerations for the August 17, 1999 main shock (station SKR) and 
two aftershocks, each recorded at a different location. 
 
Two samples of recorded main shock motions are presented in Figures 3a-c. The acceleration time-
histories recorded at SKR (Adapazari in Sakarya Province) on stiff soil are shown in Figure 3a. The 
record exhibits more than one shock. The figure shows re-plotted SKR record for 40 seconds  and time 
variant sum of square of acceleration to depict relative cumulative significant shaking (representative 
of energy). As depicted in Figure 3b, the duration of strong shaking is determined as approximately 5 
seconds, using the time span between 5%-95% of the normalized sums [2]. The main shock 
contributes to approximately 70% of the total significant shaking of the two shocks within the 40 
seconds of the record. 

 

Figure 3(a) Initial 40-second window of the transverse (EW) and vertical components of SKR 
acceleration record (top) and cumulative sum of squared amplitude (bottom) to show the significant 
strong shaking, almost all by the first shock, and indicating the duration of strong-shaking as 5-6 s 
(bottom). Longitudinal component of SKR malfunctioned. 

 

Figure 3(b) Definition of duration of strong shaking (time between 5-95% of the relative cumulative 
squared acceleration) [2]. 

In Figure 3d, the acceleration time-history of YPT (an alluvial site at Petro-Chemical Plant in Körfez) 
is shown. The figure exhibits two distinctive earthquakes. The figure also shows the relative 
cumulative significant shaking as calculated by summing the square of the acceleration over time. This 
figure exhibits that the strong shaking of the earthquake lasted approximately 5-6 seconds. 
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Figure 3c. Time-history of YPT. The plots show the second event approximately 30-seconds after the 
first (top) and that the significant strong shaking of the mainshock contributes approximately 70 % of 
the total and the strong shaking duration is 5-6 s (bottom). 
 
2.2. Near-Fault Issues and Pulses 

One of the main reasons why near-fault motions are important is the presence of long-duration pulses 
that result in large displacements, which are detrimental to the performance of long-period structures. 
The long-period pulse characteristics of near-fault motions are explained in Ref. [3] as follows: 

• “the propagation of fault rupture toward a site at a velocity close the shear wave velocity 
causes most of the seismic energy from the rupture to arrive in a single large long-period 
pulse of motion,” 

• “the pulse of motion represents the cumulative effect of almost all of the seismic radiation 
from the fault,” and that “the radiation pattern of the shear dislocation on the fault causes this 
large pulse of motion to be oriented in the direction perpendicular to the fault, causing the 
fault-normal peak velocity to be larger than strike-parallel peak velocity.” 

It has been noted that, worldwide, for M>7 earthquakes between 1940 and 1999, there were only 8 
records within <20 km of a fault rupture. The Turkey earthquakes of 1999 and the Chi-Chi, Taiwan 
earthquake of September 21, 1999, respectively added 5 and 60 more records for a total of 73 [4]. 

Since long-duration pulses translate into large displacements, a simple explanation using vibrational 
physics of pulse action is useful for quick assessment of such actions. Consider four undamped, 
single-cyle sinusoidal accelerations with equal amplitudes, Ÿ, but having different pulse durations. 
Figure 4 shows that corresponding displacements, y, are increased with increase in pulse duration, Tp, 
by virtue of the relationship : y= -Ÿ/(2π/ Tp)2. It should be remembered that the amplitude to be 
considered in this simplified estimation process is the amplitude of the pulse with the longest cyclic 
period and not necessarily the peak amplitude of the time-history of a record which possibly may 
occur at  higher frequency. Also, in using the simple process for integration, it is assumed that the 
accelerogram is a continuous sinusoid and not a truncated sinusoid. 

The effect of long-period pulses in generating large pulse displacements are also quantified and 
verified for two different earthquake records. The YPT record seen in Figure 3d is re-plotted in Figure 
5a to better exhibit the long-period pulses and the  amplitude spectra with a pulse period (Tp) of about 
5 seconds (0.2 Hz) for the horizontal components. With peak acceleration of 0.22g for the EW 
component, the calculated pulse displacement, y = 0.22(981)/(2π/5)2 ~ 137cm compares reasonably 
well with the displacement obtained by double-integration (Figure 5b). Figure 6a shows three 
components of accelerations recorded at Station TCU068 during the (M=7.3) September 21, 1999 Chi-
chi (Taiwan) earthquake and their amplitude spectra that exhibit  the lowest dominant frequency of 
approximately 0.11 Hz (Tp ≈ 9.09 s) and peak acceleration of 0.37g for the east-west component. The 
computed peak pulse displacement is 757 cm and compares well with the displacement of 707 cm 
(Figure 6b) obtained by double integration of the acceleration record [5]. These results are 
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summarized in Table 1.  Thus, since long-period pulses result in larger velocities and displacements, it 
is important to assess how the large displacements affect the response and performance of long-period 
structures that may be most affected.  

 

Figure 4. Single-cycle sinusoidal accelerations with constant amplitude but varying periods and 
corresponding displacements. 

 

Figure 5a. The three components of the mainshock motions at YPT (Yarimca) recorded during the 19 
August Izmit earthquake, along with the amplitude spectra of the motions, are shown for the entire 
record (upper) and for a 20-second window ending prior the first large aftershock. 

Consequently, to compensate for the additional demand in design strength caused by such large 
displacements, recent codes in the United States adopted the Near Fault Factors (UBC, 1997). Thus, 
the seismic zoning factors are effectively increased by a factor, 1<N<2 for seismic zone 4 (the highest 
seismic risk zones in the United States) within 10 km of  those fault zones that are capable of 
generating (a) M≥7 earthquakes with slip rates exceeding 5 mm/year or (b) M≥6.5 earthquakes with 
slip rates smaller than 5 mm/year2. The North Anatolian Fault (NAF) is tectonically similar to the San 
Andreas Fault in California; therefore, such factors should also be considered in selective zones along 
the NAF. The recorded responses clearly show long period pulses (e.g. ~5 sec in case of YPT record – 
Figure 5b). 

                                                      

2 In the Uniform Building Code, the total design base shear in a given direction is determined from the following formula: V   
= [ CvI /R   T]   W , where Cv is is the seismic coefficient (for zone 4, is given by 0.32Nv, 0.40Nv, 0.56Nv, 0.64Nv, 0.96Nv for 
soil profile types SA [shear wave velocity, Vs>1500 m/s]  , SB [760< Vs <1500 m/s], SC [360< Vs <1500 m/s],  SD[180< Vs 
<360 m/s]   and  SE [Vs <180 m/s] respectively),  I  is the importance factor, R is the ductility factor,  T is the fundamental 
period of the design structure and W is the weight of the structure. The total design base shear is not to exceed  V=[2.5C a  I/ 
R]W  but is not to be less than V=[0.11CaI W]  where Ca   is the seismic coefficient and similarly ranges as 0.32 Na, 
0.40Na,0.40Na, 0.44Na  and 0.36Na for the soil profiles SA, SB,SC, SD and SE  respectively. Furthermore,  for Seismic Zone 4, 
the total base shear shall also not be less than the following: V=[0.8ZNvI/R]W. Z is the seismic zone factor and is 0.4 for 
zone 4.  In the above, 1<Nv <2 and 1<Na<1.5] and are interpolated from tables according to different type of soil profiles and 
distance from fault. The highest factors are for sites less than 2 km from the faults (Uniform Building Code, 1997). 
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Figure 5b. Recorded E-W component of acceleration and integrated velocity and double-integrated 
displacements at YPT.  

 

Figure 6a. Accelerations recorded at the TCU068 Station during the Chi-Chi (Taiwan) earthquake 
and the amplitude spectra [6]. 

 

Figure 6b. Recorded accelerations, integrated velocity and displacements of TCU068 Station EW 
Component [7]. 

 
Table 1. Evaluation of Peak Displacements Using Sinusoidal Pulse Analogy versus Double Integration 

of Recorded Acceleration. 

Pulse Earthquake Mag. 
Mw 

Station Peak 
Acc.[g] f(Hz)   Tp (s) 

Sinusoidal  
Pulse 
Displ.[cm] 

Integrated 
Displ (cm) 

Izmit [Turkey] 
1999 

7.4 YPT 
[EW] 

0.22 0.2 5.0 137 ~175 

Chi-chi [Taiwan] 
(1999 

7.6 TCU068 
[EW] 

0.37 0.11 9.09 757 707 

 

2.3. Response Spectra 

Figures 7a,b and c show the response spectra and the normalized response spectra (all calculated for 5 
% damping), for north-south and east-west directions, respectively,  for five stations, including SKR 
and YPT for which the time-history plots have been presented (Figures 2-3). These five stations cover 
the epicentral area (stations IZT and YPT) and locations that are heavily damaged east of the 
epicentral area (SKR and DZC) and a location in Istanbul (MCK). IZT, YPT and DZC are on alluvial 
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sites whereas SKR and MCK are on stiff soil and rock, respectively. The response spectra show that at 
different stations, the resonant periods change drastically. Furthermore, the normalized response 
spectra indicate that both YPT and DZC have long periods (low frequencies). For comparison of 
response spectra shapes, Figure 7c also shows the current Turkish Code response spectra for stiff soil 
and alluvial site conditions [8]. The figure indicates that for periods between 0.1-1, the design 
response spectra, similar to those used in the United States, are exceeded for this earthquake.  

Taller buildings on rocky hills of  Istanbul, and the two suspension bridges in Istanbul were not 
adversely affected by the long-period motions of this earthquake – most likely due to attenuated 
ground motions. However, the important lifeline structures need to be reviewed for an earthquake that 
might occur closer to Istanbul. 

 

 

Figure 7. (a and b) Response spectra (5 % damped) for 5 stations and (c) Normalized response 
spectra of 5 stations compared with design response spectra of Turkish Code [8]. 

3. Aftershock Deployments & Site Response Issues 

Since, at the time of 1999 earthquakes, the strong-motion network in the epicentral area of the Izmit 
earthquake was not dense enough to define ground shaking at all damaged areas, a limited number of 
temporary arrays were deployed to obtain aftershock records to explain site effects at various 
locations. USGS deployed a number of acceleration and velocity transducers at the South Izmit Bay 
including Gölcük. Data from these and other deployments are compiled and made public [9]. Figure 
8a shows the deployment of the temporary array in Gölcük and a set of seismograms of an aftershock 
obtained from both sides of the observed normal fault scarp that developed during the main event. 
Stations FOC and GEM are on the hanging wall and LOJ and GYM are on the footwall of the normal 
fault. The figure exhibits the variation of ground motion at locations that are short distances apart (<1 
km) as well as the motions on both sides of the normal fault scarp.   The differences of motions on 
either side of the normal fault are also observed in Figure 8b. The amplitude spectra and the relative 
cumulative energy plots further reinforce the larger energy at FOC and GEM, on the hanging wall as 
compared to LOJ and GYM, on the footwall. 

Figure 9 shows the mean transfer functions of 11 events for FOC and LOJ, calculated using methods 
in Refs. [10, 11] which, in absence of reference rock sites, facilitates calculation of the transfer 
function as the ratio of amplitude spectra of horizontal to vertical components of motion at a station 
[R=A(horizontal)/A(vertical)]. For frequencies less than 2 Hz, the north-south components exhibit 
almost twice the amplification at FOC when compared to LOJ. This implies that in the hanging wall, 
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alluvial deposits are deeper. This is consistent with the fact that, historically, there have been similar 
earthquakes in the area approximately every 250 years (e.g. two prior earthquakes, now confirmed by 
geological trenching and carbon dating, have occurred in 1719 and 1509 AD, respectively [12, 13]. 
Thus, over centuries, repetitive hanging walls have been filled over with alluvial material. 
Identification and recognition of such fault locations with associated historical events is necessary for 
siting purposes of facilities and important infrastructures in such areas. 

 

 

Figure 8a. Aftershock deployment map in South Izmit Bay (left) and specifically in Gölcük (right).  

 

 

Figure 8b. Seismograms from an aftershock recorded at Gölcük temporary array (left). The 
seismograms show relative amplitudes of velocity records at close distances (<1km). The stations 
FOC, GEM and LOJ are within the Ford Plant Grounds near Gölcük. Station GYM is within <1 km of 
these stations. Amplitude spectra (center) and relative cumulative energy plots (right) of one event 
exhibiting significant differences of energy on either side of the vertical faulting. 
 
 
The aftershock data is also used to estimate the strong-motions during the main event. Figure 10 
shows the estimated motions for FOC and LOJ using aftershock data at both FOC, LOJ and YP1 
(same as YPT) and the recorded mainshock data at YPT. The particular hybrid process uses (a) 
simulated ground motion in lower frequency range (0.1-1.5Hz) by theoretical Green’s functions for 
laterally homogeneous structure model and a source process model described in Ref.[14], (b) 
stochastic Green’s function [15] for higher frequency range (1.5-10Hz). Details of the hybrid model 
are provided in Appendix A. The NS components, the fault-normal direction, of the estimated motions 
are highly polarized. These characteristics have been observed at stations in source regions of the past 
earthquakes. Therefore, it is important to consider directivity effects of near-fault ground motions [3]. 

In the case of Yalova, approximately 50 km from the epicenter, the estimated motions (Figure 11) are 
again larger and polarized in the fault normal direction. This is also attributable to the fault rupture 
forward directivity, remarkably as it is at that distance from the epicenter but along the extension of 
the fault. 
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Figure 9. Mean transfer function of 11 events showing the amplification differences on both sides of 
vertical faulting. 

4. Implications for the future 

Finally, an issue that needs to be addressed is the forecasting of the future earthquakes following the 
17 August 1999 earthquake. Parsons and others (2000) calculated that the August 1999 event 
increased the stress in the Marmara Sea close to Istanbul, the largest city of Turkey (Figure 12). They 
forecast that the stress increase results in a probability of  62 ± 15 % for a M>7 earthquake to occur in 
the next 30 years. Thus, there is an urgent need to be ready.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Estimated (mainshock) ground motions at FOC, LOJ and YPT using inversion technique 
with aftershock recordings at FOC, LOJ and YP1. Note differences in scales for different components, 
and that the fault-normal (NS) motions are larger for both FOC, LOJ and YP1. 
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Figure 11. Estimated (mainshock) ground motions at Y06, Y07, Y08, AKS, and YP1 using inversion 
technique with aftershock recordings at Y06, Y07, Y08 and YP1. Note the fault-normal motions are 
somewhat larger. 

 

5. CONCLUSIONS 

a. At the time of 1999 earthquakes, the strong-motion network on the North Anatolian Fault was 
very sparse. Denser arrays have now been added. The arrays should be supplemented with 
downhole accelerographs and piezometer arrays in liquefaction susceptible areas. It is 
important to increase the number of accelerographs in different geological settings of urban 
areas so that the actual motions in the basins and heavily damaged areas can be recorded. 

b. Detailed site-characterization of the stations are not known. A systematic effort should be 
embarked upon to characterize the sites. 

c. In absence of strong-motion records, aftershock motions have been used to estimate the 
strong-shaking during the main event. The estimated motions are very strong in the epicentral 
area, and in particular show stronger shaking in the fault-normal direction. The differences 
caused by site effects among sites closely located to each other are particularly noted. The 
motions are somewhat strong at distances of approximately 50 km from the epicenter due to a 
combination of distance and site effects.  

d. Furthermore, on either side of a vertical fault, the amplification is observed to be larger on the 
hanging wall and is likely due to greater thickness of softer sediments. Therefore, it is 
essential to better identify faults for siting of important infrastructure and facilities. 

e. The long-period pulses from near-fault motions must be accounted for in assessing the 
performance of structures. One possible way is to establish, in selected zones of the NAF, 
near-fault factors that increase the seismic coefficients in the codes.  

f. Whenever applicable (e.g. in Adapazari basin), special site-specific design response spectra 
should be developed. 
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APPENDIX A: ESTIMATION OF GROUND MOTION DURING THE MAINSHOCK AT 
SITES WITHOUT OBSERVATION 

In order to estimate ground motions in a wide frequency range at sites without mainshock recordings 
but with aftershock observations, we adopted a hybrid method. Ground motions in the lower frequency 
range (0.1-1.5Hz) were simulated using theoretical Green’s functions and a source process model 
obtained by waveform inversion [14] (hereafter, SI model). The higher frequency (1.5-10Hz) ground 
motions were simulated using the stochastic Green’s function method [15] from asperities extracted 
from the SI model. The bounding frequency of the two ranges nearly corresponds to the frequency at 
which the radiation pattern in observed seismic motions is submerged [17].  

A.1. Lower frequency range (0.1-1.5Hz): 

Theoretical Green’s functions were calculated for a laterally homogeneous velocity structure model 
using the discrete wave-number method [18] together with the reflection transmission method for 
laterally homogeneous (1-D) velocity structure models [19]. Assumed velocity structure models are 
based on method in Ref. [20] for the deeper part and the method in Ref. [21] for the subsurface part. 
The slip time functions and the rupture propagation correction functions inside each subfault from the 
SI model were convolved with the Green’s functions. Then they are summed up taking into account 
the rupture propagation over the fault plane. 

A.2. Higher frequency range (1.5-10Hz): 

Based on Ref. [15], we generated ground motions from small earthquakes with the subfault size. Thus, 
the acceleration spectra of a small earthquake is given by: 

( )1.),(
)(

exp)()( 1 Afg
fQ
fRRfSCfA 







 −= −
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π

 

where ( ) ( )[ ]22 12)( fcffMofS += π  is an ω-2 type source acceleration spectra (Aki, 1967), R  is 

a ray path length between a subfault and a observation station, 






 −−

β
π

)(
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fQ
fRR  is the propagation 

path effect  (geometrical spreading and attenuation), )( fg  is a site amplification factor, and C is a 
constant including free surface effects and radiation patterns etc. 0M  and cf  are seismic moment and 
corner frequency. Corner frequency was assumed to be 0.35 Hz using Madariaga’s equation for a 
circular crack [22]. Frequency dependent Q was based on method by Akinci et al. [23]. The site 
amplification factor was obtained through modeling aftershock ground motion spectra using equation 
(A.1).  

To generate ground motion from a large earthquake from those of small earthquakes, we used the 
method of Irikura [24], who proposed a filtering function which consists of a delta function and a 
boxcar function with duration of large earthquake’s rise time to adjust the difference in slip time 
function between a large earthquake and a small one. For high frequency, the correction function is 
approximated by a delta function.  

The source for the higher frequency motions were confined to asperities extracted by Miyakoshi 
(personal communication) from the SI model following the criterion by Somerville et al. [17]. This 
assumption is based on the results by Miyakoshi et al. [25] and Miyake et al. (2000). The strong 
motion generation area found by Miyake et al. (2000) for a Mw=6.3 earthquake in 2.0-10Hz range is 
consistent with the asperity region extracted from the source model in lower frequency range (0.1-
0.5Hz) for the same earthquake determined by Miyakoshi et al. [25] and the contribution of the off-
asperity area in the lower frequency source model is necessary for lower frequency ground motions 
but negligible for higher frequency ground motions. 
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Abstract. Seismic random processes are characterized by high non-stationarity and, in most cases, by a marked 
variability of frequency contents. The widely used hypothesis modelling seismic signal as a simple product of 
stationary signal and a deterministic modulation function, consequently, is hardly always applicable. Such 
assumption leads to an incorrect estimation of the frequency contents, which can significantly influence the 
assessment of structural response to such a seismic event. As a solution, the multicomponent decomposition of 
the non-stationary seismic record is presented. The wavelet multiresolution analysis is used as a tool. An 
example of the seismic response of a simplified structure is given. 

1. Introduction 

The present stage of computer development allows us to perform the simulation of effects of the 
recorded seismic events on structures. However, every earthquake is a unique event and for the regular 
statistical processing we miss the adequate set of realizations. Hence we try to determine realistic 
characteristics of a particular seismic event, which are able to describe it (in the stochastic manner) 
with sufficient accuracy. Using these characteristics it should be possible to calculate statistical 
properties of the response of the structure.  

The usual form, which is used for representation of non-stationary seismic processes, is a product of 
the deterministic modulation and a stationary signal  
  v(t)= m(t)v0(t) (1) 
However, such a simple formula can be applied to the simplest cases only, as it supposes identical 
frequency structure throughout the seismic event. There is no support for such assumptions. On the 
contrary, various types of seismic waves or a dispersion of waves due to the inhomogeneity of the 
subsoil definitely cause significant variation of the frequency contents of seismic records. The use of 
such a simple form has also dangerous consequences: Fourier transform, the tool for the stationary 
case only, should not be used, as well as the power spectral density (PSD), which is defined for 
stationary random processes only. There is no guarantee, that the numerical PSD estimator gives a 
reasonable result in this case. 

It is evident, that it is necessary to construct and use a model, which takes such variability of the 
frequency contents into account. This can be done using the evolutionary power spectral density [1]. 

2. Decomposition of seismic excitation 

2.1.  Simple decomposition 

Vibrations of the system, caused by a seismic event, serve as a typical example of random kinematic 
excitation produced by the motion of supports. Whatever is the character of the structure, the function 
v(t), describing the movement of foundation soil on the support site, is considered as a known random 
continuous Gaussian non-stationary process. These processes are usually described in the form (1), 
where v0(t) is supposed to be Gaussian stationary process and m (t) is the deterministic modulation 
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function. However, such multiplicative modulation cannot assure anything more than the roughly 
constant mean amplitude in time. 

An ideal modulation function should be able to describe a sudden and strong start and a slow decay of 
the earthquake as well as the case when the strongest impulse is delayed or the signal contains several 
beats. Among the most used functions belongs double exponential function (2), or the well-known 
function (3) proposed by Saragoni and Hart [2] 
  ( )tt eetahtm βα −− −= )()( , tettahtm αβ −= )()(  (2,3) 
where h(t) stands for the Heaviside unit step function. Both mentioned functions satisfy sufficiently 
first demand, but they fail in the case of complicated signal. They are usually sufficient for synthetic 
seismograms, but they are not able to follow complicated envelope of a true seismogram.  

For such purpose we prefer more complicated but more flexible spline modulation function. Such a 
modulation function can be symbolically written in the form of 
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where 0=t0<.... <tk=T is a partition of the time interval and BN is the B-spline of degree N. The 
polynomial degree can be chosen arbitrarily, but the value N=2 or 3 is completely adequate. 

2.2. Multicomponent decomposition 

The basic idea here is to split the original process into a sum of processes with (narrow) band-limited 
PSD. In such a case the variation of the frequency contents with time can be considered as negligible. 
In the next step each one of the components can be described using the decomposition (1) and 
modulation (4). This procedure leads to an approximation of the evolutionary power spectra of the 
non-stationary process. Therefore, we write 
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A feasible basis for resolution (5) is provided by wavelet multiresolution analysis applied [3]. Such a 
technique does not impose any requirements on a priori stationarity and periodicity of the process. 

2.3. Spectral density approximation 

The stationary part of the excitation, either v0(t) or vi0(t), is usually assumed to be an AR or ARMA 
process. The well-known Kanai-Tajimi spectra (6) or the one proposed by Bolotin  (7) 
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are the spectral densities of the continuous ARMA(2,1) and AR(2) processes respectively. The form of 
continuous AR(2) model provides the possibility of construction of a finite differential filter yielding 
the process vi0(t), generated as an output on the basis of the Gaussian white noise.  

The difference between both AR(2) and ARMA(2,1) does not seem to be crucial. Although the more 
complicated ARMA(2,1) form fits usually the computed PSD approximation better than AR(2), the 
difference between both approximation is usually smaller than uncertainty of the PSD estimation.  

3. Response of a structure  

The movement of a linear discrete or discretized structure under kinematic excitation in supports can 
be described by the system  
  )()()()()( ttttt GvvFCuuBuM +=++      (8) 
where M, B, C, F, G are matrices of parameters of the system; u(t) denotes the system response in 
free nodes; and v(t) is the vector of kinematic excitation by random seismic processes in supports.  
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FIG. 1. Lumped mass modelled bridge 

Statistical properties of the response of the structure described by eq. (8) can be obtained using various 
methods: There exists analytical formulas for computing the dispersion of the response of a linear 
structure, known as integral spectral analysis method (see [4]) and generalized correlation method [5]. 
Both of them are suitable for the excitation in the form of multicomponent decomposition, with PSD 
in the form of continuous AR(2) model and spline modulation function. As a representative of 
numerical methods we mention the stochastic Newmark method, introduced by To in [6]. It can adopt 
an arbitrarily modulated discrete ARMA(p,q) random process as excitation.  

4. Seismic response of a simple structure  

Let us demonstrate the whole procedure on a simplified structure, see Fig. 1. As an example of a 
seismic excitation we have chosen Sierra Madre earthquake recorded at Altadena, Eaton Canyon Park 
station, June 28, 1991, E-W component, epicentral distance 49km, peak accel. 1.756 m/s2. The record 
was corrected and double integrated to obtain displacement history.  

The Fig. 2 shows 3 narrow-band components obtained using the wavelet decomposition in its first 
column. The second column gives the respective modulation (quadratic spline). Third column shows 
the corresponding stationary random processes. Their spectral densities are depicted in the last 
column. The solid curve corresponds to the estimated true PSD, the dashed line follows the AR(2) 
approximation (7) and the dotted line shows the ARMA(2,1) approximation (6).  

The stochastic response of the bridge subjected to the seismic excitation in both supports S1,2 was 
computed using the generalized correlation method and the stochastic Newmark method. The resulting 
variances of the individual nodes are indicated in the Fig. 3. The Fig. 3a shows results of the analysis 
with the input data obtained using the decomposition (1), while the Fig. 3b demonstrates result of the 
generalized correlation method and utilizing multicomponent decomposition according to Fig. 2. 

 

FIG. 2. Sample analysis of three components of the wavelet decomposition of the earthquake record 
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 At the first sight one might be surprised by finding out that the maximum value of the dispersion of 
the response (b) is smaller than half of the response in the case (a). The explanation of this fact is 
given by detailed considering of the Fig. 3c with the course of the approximated spectral densities of 
the first three details of dispersion together with the approximated PSD derived according to simple 
decomposition (5). The value of the PSD of the first detail for ω=6.4s-1, (i.e. the first eigenfrequency 
of the bridge), is almost one half (0.043cm2s) of the value of the PSD computed from the stationarized 
part of the classically decomposed seismogram (0.076 cm2s). The incorrect estimate of PSD of v0(t) 
(see (1)) was caused by its poor stationarity. 

ω

c

 

FIG. 3. (a) Displacement variance of the structure computed using simple decomposition  
(b) Variance computed using multicomponent decomposition of the Sierra Madre record            
(c) Spectral densities used in computation: cases (a) – dashed line and (b) – solid lines 

5. Conclusions  

It is coming to light, that the main source of problems in determining of the response of the structure 
to (random) excitation is not solely the calculation, but rather the determination of correct 
characteristics of the excitation process. The "stationary" process, obtained using the simple 
decomposition (1), usually lacks the true stationarity, which prevents us from estimating its PSD 
correctly. This problem can be solved using the multicomponent decomposition. Moreover, the 
multicomponent decomposition allows us to describe much broader spectra using a set of simple 
AR(2) processes. It is worth to mention that it is necessary to use the B-spline modulation function 
while deriving the stationary part of a non-stationary signal.  
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Abstract. Bandung Research Reactor, or currently named Reactor TRIGA 2000 Bandung, is a facility operated by 
the Centre for Development and Research of Nuclear Technology (P3TkN-BATAN). The reactor is located in 
Bandung, West Java, with geographical position of 6o7’ latitude and 107o37’ longitude. Bandung is highland with 
average elevation of 700 m upper sea level and surrounded by mountain range. Reactor TRIGA 2000 Bandung was 
first designed and built to operate with nominal power of 250 kW. The reactor achieved its first criticality on October 
10, 1964. In 1971 the nominal power was increased to 1000 kW, and in 1996 to 2000 another upgrading program 
was performed to increase the nominal power to 2000 kW. Since the reactor has been operated for a relatively long 
time, and more importantly the physical building has been already aged, it is necessary to assess the strength of the 
building against seismic hazard to assure the safety of the reactor. The assessment was performed by calculating the 
effects of earthquake to the reactor building by applying peak ground acceleration formula on site and calculating the 
effect of liquefaction and ground motion that might happen on site by considering the lithology of the area. 
 
1. Introduction 

 
Bandung Research Reactor or Reactor TRIGA 2000 Bandung is a facility operated by the Centre for 
Development and Research of Nuclear Technology (P3TkN-BATAN). The reactor is located in Bandung, 
West Java, with geographical position of 6o7′ latitude and 107o37′ longitude. Bandung is highland with 
average elevation of 700 m upper sea level and surrounded by mountain range. In the north lies Mount 
Tangkuban Perahu, in the east lies Mount Galunggung, in the south lies Mount Papandayan, and in the 
west lies Mount Gede 
 
Reactor TRIGA 2000 Bandung was designed and built to operate with nominal power of 250 kW. The 
reactor achieved its first criticality on October 10, 1964, and in 1971 the nominal power was increased to 
1000 kW. In April 1996 another up-grading program was performed to increase the nominal power to 
2000 kW (2 MW). 
 
Since the reactor has been operated for a relatively long time, and more importantly the physical building 
has been already aged, it is necessary to assess the strength of the building against seismic hazard to assure 
the safety of the reactor. In order to identify the mechanism and characteristic of seismicity at the reactor 
site, a map on Indonesia's earthquake source zones and earthquake hazard with 100 year recurrence time 
was referred (Engkon Kertapati, et. al.). This will facilitate in monitoring, measuring, and mitigating the 
consequences of earthquakes at the site area. 
 
By knowing the history of earthquake around the site, the possibility of earthquake occurrences in the area 
can be estimated. The information required including time of occurrences, location of epicentres and 
hypocentres, estimated focal depth, magnitude, and maximum intensities at the macroseismic epicentre 
when they differ with the description of the local condition. 
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Generally, earthquakes that occured on the reactor site were the tectonic ones that have the potential to 
cause damage to the reactor building or structure. Therefore, mastering the seismic characteristic of the 
reactor site based on the time history of earthquakes is important to evaluate and estimate the probability 
of their occurrence and their time periods. 
 
In the final stage of the assessment, the effect of earthquake to the reactor building is calculated by 
applying peak ground acceleration (PGA) formula at the site. The effect of liquefaction and ground 
motion that might happen at the site is calculated by considering the lithology of the area. 
 
The results of this assessment are provided as information to the management of Reactor TRIGA 2000 
Bandung or BATAN 
 
2. Geological and Seismotectonic Condition of Bandung 
 
2.1. Geological Condition of Bandung 
 
Administratively, Bandung Research Reactor is located in the Cibeunying region, one of the six 
development regions in accordance with the General Space Arrangement Plan of Bandung City  
 
2.1.1. Macro Geological Condition of Cibeunying Region 

 
Physiographically, Bandung is located in the depression zone of the middle-West Java, characterized by 
active vulcanic and sea sedimen deposite with range Miocen up to Holocen and Recent. A part of great 
Bandung Territory is closed to very thick quarter volcanic rock. 
 
2.1.2. Micro Geological Condition of Cibeunying Region 
 
According to its lithological characteristics, Cibeunying Region composed of four formation 
 
2.1.2.1. Cikapundung Formation  

 
It is the oldest  formation in the local deposit, formed between  Pleistocene up to Middle Pliocene. This 
formation consists of volcanic breccia. The deposit area of this formation covers land up to marsh, thick of 
formation about 0-35 meters.  
 
2.1.2.2. Kosambi Formation 
 
Known as  lake deposits, it consists of volcanic rock, volcanic clay and volcanic sandstone, the age is 
around Upper Pleistocene  up to Holocene 
 
2.1.2.3. Cikidang Formation 

 
It is the youngest formation of volcanic rock groups resulted from Cibereum volcano. It consists of 
drifting lava, tuffaceous lapilli, conglomerat and volcanic breccia. 
 
2.1.2.4. River Deposits 

 
This formation consists of sandstone, silt, clay stone and clay, found in the Cikapundung Rivers. 
Generally, the rock structure in the Cibeunying Region can support building structures, since Cibeunying 
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is a relatively stable territory, except some areas located in the north namely in Ledeng, Ciumbuleuit and 
Dago. These regions have the potential of landslide. 
 
2.2. Bandung Seismotectonic Condition 
 
The seismic condition of Bandung is characterized by the occurrence of tectonic process and forms the 
geology structure of Bandung, followed by seismic activity. Earthquake source zone is an area with the 
same tectonic, geological and seismic condition especially the shallow earthquakes (Algermissen 1976).  
In other word, earthquake source zone is an area that has seismic values and related with geology structure 
(fault) and earthquake.  
 
2.2.1. Regional Seismotectonic Conditions 
 
According to regional seismotectonic of West Java, including Bandung, the development of geological 
structure and seismic process was influenced by 4 (four) earthquake source zones  

 
2.2.1.1. Sukabumi’s prism accration zone 

 
Cimandiri-Cirata-Lembang Fault, particularly around Cimandiri, was the main fault causes Sukabumi 
Earthquake in 1902, 1912, and 1982.    
 
2.2.1.2. Java-Sumatra Sub-duction Zone 
 
This zone is related with the earthquake activity, shallow at the coastal area, middle/medium in the center 
of island, and deep in the northern part of Indian Ocean . The shallow earthquake from the earthquake 
system zone is responsible for tsunami occurs on the west beach of Sumatra and south of Java.   
 
2.2.1.3. Baribis Source Zone  
 
The fault that causes earthquake laid in this earthquake source zone extends across Majalengka and 
Kuningan. 
 
2.2.1.4. Bumiayu Fault Zone  
 
Bumiayu Fault extend from Cirebon to Bumiayu in the Middle Java can cause Bumiayu Earthquake in 
1931, 1970 and 1992 and South Cirebon Earthquake in 1874 and 1875. 
 
2.2.2. Local Seismotectonic Conditions 
 
Geology structure that developed in the site is normal fault structure (down fault) called Lembang Fault. 
The nearest distance from the reactor site to Lembang Fault) is about 8 km. 
 
Lembang Fault is a normal fault with north block that relatively going down upon south block fault plane 
slope that might be standing, and north Cimahi, Penyadokan, Batureog, Maribaya until Mount Pulosari and sharp 
turn to south up to the northern Ujungberung. The stable fault forms an escarpment that can be traced from Batureog 
to Ujungberung region. 
 
The information on earthquakes in Bandung for the last 100 years has been collected, with assumption that 
this time frame is sufficient to predict the total recurrent of earthquakes, the effect of the earthquakes to 
the region, and the time period of their recurrence. The information on the perceived earthquake history in 
100 km radius from the reactor site has also been collected. Some of the earthquakes has caused some 
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damages to some areas in this region. The information on the perceived earthquakes in West Java from 
1923-2003. 
 
3. Seismic Hazard Analysis 
 
3.1. PHA Analysis 
 
After determining the magnitude scale and estimating the potential hazard to the site, the peak of 
earthquake acceleration can be predicted. The following is some steps to analyze earthquake hazard used 
by Richter (1990): 

1. Identification and classification of all source that can cause significant landslide, which is this 
classification include the define of source geometry. and potensial earthquake.  

2. .Parameter selection from earthquake sources to location that analyzed. The range can expressed 
as epicenter range or hypocenter range, depends on measurement that will be used to next step. 

3. The choosing controlling earthquake (earthquake that might have strongest vibration). Generally 
explain as landslide parameter at the field. This choosing was done to compare the vibrate level 
that cause by earthquake, from step 1 and 2 assumption. By using Cornell formula that build for 
earthquake at M-3.0 up to 7.7 with range between 20 until 200 km. 

 
In PHA (gals) = 6,74 + 0,859 M – 1,80 In (R+25) 

 
4. Located hazard is defined in landslide boundary that caused by “Controlling Earthquake”, 

generally this character describe in one parameter landslide or more that got from prediction 
between peak acceleration relation, the peak of faster and spectrum response that usually used in 
classification of earthquake hazard.  

 
4. Analysis Result 
 
4.1. PHA Analysis 

 
1. Identification and classification seismic sources that obtain in the site as epicentrum points 

amount five epicentrum that could see in the fig. 5.1. 
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2. From the earthquake source we can calculate distance between site with earthquake source zone 
(epicentrum) and get the minimum distance to the source as: 

 
Earthquake 

source Lat Lon Mag Dep (H) (km) ∆ (km) R (km) 

1 -7.66 108.2 6.1 62  98.67 116.532 
2 -6.98 108.1 5.8 14 53.44 55.246 
3 -6.58 107.29 5.5 100 55.50 114.369 
4 -7.07 107.5 3.9 2 25.5 25.578 
5 -6.84 107.28 6.0 130 41.11 136.345 
6 -7.23 107.91 4.3 33 25.5 41.704 

 
The values R is defined by formula:  

R = ∆2 + H2 

 

where 
R = the nearest distance from the source zone  the site (km) 
∆  = epicentrum distance to the site (km) 
H  = the depth of source zone (km) 
 

3. We are assume that vibration level by using  peak of horizontal accelaration. We are also use 
formula  that developed by Cornell to  the earthquake  with M=3.0 –7.7 and the distance from 20 
km to 200 km. 

 
Cornell formula :           Ln PHA (gals) = 6.74 +0.859M-1.80ln(R+25) 
 
Earthquak
e source M R (km) 6.74 0.859M -1.8 x ln 

(R+25) Ln PHA PHA(gals) PHA 

1 6.1 116.532 6.74 5.2399 8.9145 3.0654 21.443 0.0214 
2 5.8 55.246 6.74 4.9822 7.8932 3.8289 46.012 0.0460 
3 5.5 114.369 6.74 4.7245 8.8868 2.5777 13.1668 0.0132 
4 3.9 25.578 6.74 3.3501 7.0623 3.0278 20.6497 0.0206 
5 6.0 136.345 6.74 5.154 9.1504 2.7436 15.543 0.0154 
6 4.3 41.704 6.74 3.6937 7.5605 2.8732 17.6935 0.0177 

 
According to the calculation result, the earthquake source zone number two (2) is the most influence. This 
sources zone results earthquake accelaration 0.046 G in the area. 
 

4. Potential hazard is certain by the earthquake with 5.8 richter in the research area. This 
earthquake has occurred in 53,44 km from the research area and it has resulted 0.046 G ground 
accelaration.    

 
5. Conclusion 
 
1. PHA values are used to evaluate earthquake effect on the building and reactor structure 
2. Earthquake intensity is influenced by: 

a) Geological condition (lithology) at the site 
b) The earthquake distance to the area of interest 
c) Type and quality of the building 

3. By applying the Cornell method to calculate earthquake with Mag 3.0 – 7.7 in 20 – 200 km it is 
found that the acceleration value of earthquake at the reactor site is 0.046 G for Magnitude 5.8. 
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4. Richter – Gutenberg method is used to compute the earthquakes recurrence period (earthquake 
probability) at the site. Earthquake with magnitude 5.8 has the time of recurrent period 0.09. 
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EVALUATION OF SEISMIC HAZARDS AT THREE SITES 
PROPOSED FOR CONSTRUCTION OF A NUCLEAR POWER 
PLANT IN VIETNAM 
 

 

 Q.H. Le 

 Vietnam Radiation Protection and Nuclear Safety Authority, Vietnam 

 
Abstract. In the framework of the national program for introduction of a nuclear power plant (NPP) 
into Vietnam after 2015, Ministry of Industry (IM) in cooperation with other professional bodies have 
conducted a project on evaluation of seismic hazards at three sites proposed from the study of the first 
phase as the most suitable sites for construction of a nuclear power plant. The project aims to establish 
seismic database, geological database and tectonic structural characteristics of the site region and to 
estimate magnitude  of seism. The result of the project will be used for site selection process and anti-
earthquake design of NPP in the future. The project is going on.  
 
1. Introduction  
 
From the study of the first phase, three sites were selected as the most suitable for construction of a 
nuclear power plant. These sites are:  
- Phuoc Dinh site: Phuoc Dinh village, Ninh Phuoc district, Ninh Thuan province 
- Hoa Tam site: Hoa Tam village, Tuy Hoa district, Phu Yen province 
- Vinh Hai site: Vinh Hai village, Ninh Hai district, Ninh Thuan province 
 
Historical records pointed out that earthquakes happened in 1877, 1882 in this region with magnitude 
of VII level (MSK-64) at hypocenters. Investigation data of the National Globe Physics Institute and 
data of the International Seismic Center pointed out that there were earthquakes in 1970 and 1972 with 
M = 5.3 and M = 5.0. Establishment of seismic database, geological database and tectonic structural 
characteristics of the site region and estimation of seismic hazards at the proposed sites are needed for 
decision-making of site selection and anti-earthquake design of NPP. Factors to be estimated on 
seismic hazards are:  
i. Peak Ground Acceleration in Maximum Credible Earthquake (MCE) with frequency of 950 years  
ii. Peak Ground Acceleration in Maximum Design Earthquake (MDE) with frequency of 475 years 
iii. Peak Ground Acceleration in Operating Basis Earthquake (MCE) with frequency of 100 years  
 
2. Establishment of geological database and tectonic structural characteristics  

 
The following works have been done in order to establish database of tectonic structural characteristics 
of the south region of the Central (From Phu Yen to Ba Ria Vung Tau) within radius 100-150 km from 
proposed site area:  
- Collecting tectonic geology data and geophysical data of the south region of the Central (From the 

100 to 130 North latitude and the 108.50  to 1100 longitude) 
- Analysing telereconnaissance pictures in the scale 1:250,000 to verify tectonic fault net 
- Analysing magnetic data and gravity data in the scale 1:250,000 based on geophysical data gained 

in the scale 1:100,000 to determine characteristics of fault net of the region. 
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3. Establishment of seismic database 
 
Seismic database of the region are made within radius 150 km from the proposed sites, including:  
- Historical records of earthquakes 
- Seismic data of Vietnam seismic monitoring station net and International seismic centers  
- Description of observed earthquakes in the region 
 
4. Determination of correlation of earthquakes and tectonic structural characteristics 
 
The following items have been studied in the project:  
- Frequency of earthquakes 
- Magnitude of the maximum earthquake 
- Correlation of earthquakes and tectonic structural characteristics 
- Hypocenters 
- Characteristics of hypocenters and magnitude of possible maximum earthquake in the region using 

Gumbell function method and correlation of seism and geology 
 
5. Estimation of magnitude of possible earthquake at the proposed sites 
 
Magnitude of possible earthquake at the proposed sites is estimated in the following criteria:  
- Characteristics of faults in the length and the width of hypocenters 
- Decreasing law of PGA in distance from seismic faults 
- PGA in horizontal and vertical directions with frequency of 950 years, 475 years and 100 years 
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THE SHAPE OF EMPIRICAL AND SYNTHETIC ISOSEISMALS: 
COMPARISON FOR ITALIAN EARTHQUAKES OF M ≤ 6 
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a International Institute of Earthquake Prediction Theory and Mathematical Geophysics, 
Russian Academy of Sciences, Moscow, Russian Federation 

b Abdus Salam International Centre for Theoretical Physics, SAND Group, Trieste, Italy 

 

Abstract. We present results from a comparative analysis of empirical and synthetic shapes for isoseismals of 
lower intensity for six Italian earthquakes of ML = 4.5–6. Our modeling of isoseismals is based on a plane-
stratified earth model and on the double-couple point source approximation to calculate seismograms in the 
frequency range f ≤ 1 Hz. With a minimum of parameter variation we demonstrate that low intensity isoseismals 
(I=IV-VI on the MCS scale) provide information on source geometry. We strive to avoid subjectivity in 
isoseismal constructions by using the new Diffuse Boundary method, which visualizes isoseismals with their 
uncertainty.  Similar results in this direction are known for large earthquakes (ML ≈ 6 or greater) with extended 
sources and for higher isoseismals (I ≥ VI on the MM scale). The latter studies disregard Earth structure, use a 
greater number of parameters, and therefore have greater possibilities for fitting the data. 

1. Problem 

At present macroseismic data are successfully used to parameterize historical earthquakes, i.e. to 
determine the magnitude, epicenter position, depth of focus, as well as source azimuth and length of a 
large earthquake (see, e.g., [1–4]). The remaining geometrical source parameters (dip and rake) may 
affect the isoseismal shape. Some large earthquakes (Mw ≈ 6 or greater) were used to demonstrate the 
above assertion in [5,6,7]. The following is essential in the references just mentioned: events with 
extended sources are considered, the Earth is assumed to be homogeneous, and attention focuses on 
the higher isoseismals. One could ask what evidence is provided by the isoseismals of smaller 
earthquakes for which the instantaneous point source model is more appropriate. The question is 
answered below by examining some Italian earthquakes of ML= 4.5–6 and their isoseismals of lower 
intensity. 

2. Method 

The new feature of our method consists in mapping the isoseismal uncertainty. In recent years several 
formalized algorithms have been proposed for isoseismal construction [8–10]; also, a persistent 
skepticism has established itself as to the use of isoseismals in the I-data analysis [4, 7]. The 
skepticism stems from the fact that the formalization of isoseismals does not remove the subjectivity 
inherent in the choice of parameters for isoseismal construction. This sounds similarly to the following 
statement in mathematical statistics: point estimation of a parameter has little sense without the 
associated confidence interval. Consequently, also for the case of isoseismals, one needs an analogue 
of interval estimation, which is provided by the Diffuse Boundary (DB) method. The problem was 
treated by these authors in [10]; a DB isoline looks rather unconventional (Fig. 1), consisting as it does 
of a family of line segments of various lengths and all possible directions. We will clarify the situation 
by examining I data in a narrow band, of width H. The problem of constructing a confidence boundary 
for a specified intensity and above it becomes single-dimensional and can be solved very simply. A 
line segment, being an element of a DB isoline, is an element of the confidence boundary obtained for  
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azimuth. The simplicity of the fitting process as well as the crudity of the individual elements of this 
method, show that DB isoseismals of I=IV–VII provide valuable information as to the source and 
earth structure. For 10 (of 16 cases) ML=4.5–6 earthquakes, the isoseismals have not yet yielded 
satisfactory interpretations. However, the importance of the Earth structure has emerged in the 
process, this factor being usually disregarded in analyses of large events (see [5–7]). Potentialities for 
further analysis of smaller events from [11] in our approach are as follows: refined crustal models, use 
of velocity time series, instead of acceleration, a more accurate calibration (1) of theoretical intensity, 
and expansion of the frequency range for the computation of theoretical seismograms. 
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Abstract. For seismic design of nuclear power facilities, we propose an empirical method for evaluating 
response spectra and time-dependent features of horizontal and vertical earthquake ground motions on free rock 
surfaces. Data used for proposing the empirical method are observed over 20 years by high accurate system for 
strong earthquake ground motions in Japan. A response spectrum of horizontal motion on seismic bedrock is 
given by a control point in the matrix by four magnitudes M and four equivalent hypocentral distances Xeq. The 
response spectra for other M and Xeq are determined by interpolation between values in the matrix. The response 
spectra of the horizontal and vertical motions on the free rock surface are determined by multiplying the 
horizontal motion on the seismic bedrock by the amplifications of horizontal and vertical motions due to surface 
layers, which are given as functions of S- and P-wave velocities on the free rock surface, respectively. We also 
proposed a simple modification factor for shallow inland earthquakes. The proposed evaluation method 
adequately explains near-source observation records. 
 
1. Introduction 
 
This paper discusses and proposes an empirical method for evaluating the response spectra of 
horizontal and vertical earthquake ground motions on the surfaces of rock mostly composed of 
Tertiary or older strata, as a reasonable method for establishing a design-basis earthquake ground 
motion for seismic design of nuclear power facilities. 
 
The major features of the method are that (1) it empirically evaluates earthquake ground motion 
amplification by the surface layers overlaying seismic bedrock using the elastic wave velocity on the 
ground at an evaluation point, (2) it includes the effect of the extension of the fault on earthquake 
ground motion so that it can be applied to near-source regions, (3) it can evaluate earthquake ground 
motion with periods from 0.02 to 5 seconds. 
 
The response spectra of horizontal earthquake ground motions are mainly presented here while 
vertical earthquake ground motions, time-dependent features, etc. are explained in Reference 1. 
 
1.1. Horizontal Ground Motion on Seismic Bedrock  
 
The response spectrum Sb (T) of a horizontal earthquake ground motion on seismic bedrock, which is 
the acceleration response spectrum (cm/s2) with a damping factor of 5%, is obtained from the 
pseudo-velocity response spectrum pSv (T) (cm/s) of the period T (s) represented by the control point 
in Table 1 and Figure 2. 
 
Here, the equivalent hypocentral distance Xeq (km) is the distance between an evaluation point and a 
point source that would produce the same seismic wave energy as the total seismic wave energy that 
arrives at the evaluation point radiated from the extended fault plane. This is given by [2] 
 

Xeq
−2 = em Xm

−2ds emds ,     (1) 
where Xm is the distance (km) from the evaluation point to each small segment m in the fault plane, em 
is the relative distribution of seismic wave energy released from each segment m, and ds is the 
segment area (km2).  
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1.2. Horizontal Ground Motion on Free Rock Surface  
 
The response spectrum of the horizontal ground motion on the free rock surface is calculated by Eq. 
(2) below. We multiply the horizontal ground motion spectrum on the seismic bedrock for the control 
point by the amplification of horizontal motion due to the surface layers. The amplification is a 
function of both the S-wave velocity at the free rock surface and the dominant period of the surface 
layers between the seismic bedrock and the free rock surface. 
 

Sh Ti( )= Sb Ti( )•α h Ti( )• βh Ti( )      (2) 
 
where Sh (Ti) is the response spectrum (cm/s2) of horizontal earthquake ground motion on the free rock 
surface, Ti is the period of control points from A to H in Table 1, Sb (Ti) is the response spectrum 
(cm/s2) of horizontal earthquake ground motion on seismic bedrock from Table 1, and αh (Ti) and βh 
(Ti) are amplifications of horizontal motion by the surface layers expressed by Eq. (3) below.  

 

α h Ti( )= Vs Vsb( )−δ h Ti( ) Ti ≤ Ts1( )
Vs Vsb( )−δ h Ts1( ) Ti > Ts1( )

   
   
   

 , βh Ti( )=
1 Ti ≤ Ts1( )

Ti Ts1( )− log α h Ts1( ){ } 10Ts1 > Ti > Ts1( )
10− log α h Ts1( ){ } Ti ≥ 10Ts1( )

   
   
   

     
  (3) 

 
where Vs is the S-wave velocity (km/s) of the free rock surface, Vsb is the S-wave velocity (km/s) of 
the seismic bedrock, Ts1 is the dominant period of horizontal ground motion caused by the surface 
layers overlaying the seismic bedrock, and δh (Ti) is the coefficient given in Table 2. 
 
1.3. Evaluation of shallow inland earthquakes 
 
Using the regression data and K-NET data (the K-NET has been widely installed in Japan since the 
Kobe earthquake of 1995 ), we divided these data into two categories: data of subduciotion-zone 
earthquakes and data of shallow inland earthquakes 
 
Figure 4 shows the average and the average plus/minus the standard deviation of the spectral ratios. 
We establish the correction coefficient ζ for the shallow inland earthquakes based on this spectral ratio 
as 

( ) ( ) ( ) ( ) ( ) ( ) ( )iE
TTTT

iEii TTTTTT EHiH <=≤= •  10 , 6.0 loglog6.0logζζ .    (4) 
 
1.4. Evaluation of Near-Fault Rupture Directivity (NFRD) Effect 
 
The dominance of the fault-normal component with periods from one to a few seconds has been 
reported in the near-source records of shallow inland earthquakes such as the 1995 Hyogo-ken Nanbu 
(Kobe) earthquake, Japan. The reason for this phenomenon is that the horizontal component 
perpendicular to the fault strike grows larger in the direction of rupture propagation due to the 
combined effects of rupture propagation and the fault mechanism. Therefore, attention must be paid to 
such effects in the evaluation of near-fault ground motion. Reference 3 describes the range in which 
the NFRD effect is dominant and also describes a method for correcting the response spectrum for this 
effect. For correction of the NFRD effect based on Reference 3, the corrected spectrum can be 
obtained by multiplying the correction factor λ, where 
 

λ Ti( )= 1 Ti ≤ TD( ), λ Ti( )= 10log 2.5( )• log Ti TD( ) log TH TD( )  TD < Ti( ),    (5) 
 
by the response spectrum obtained by the evaluation method proposed in this paper. 

 
Figure 5 compares the response spectra of the observation record at Kobe University during the 
Hyogo-ken Nanbu earthquake of 1995 and the record at Sakarya during the Kocaeli earthquake of 
1999 with the estimates by this evaluation method. At Sakarya, the NS (Fault-normal) component was 
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not observed. As both were shallow inland earthquakes, the correction by Eq.(4) was applied in the 
estimation. In spite of the fact that the stations are located very close to the faults, the proposed 
method can explain the observation records well. Still, by the correction of Eq. (5), the correspondence 
between the estimate and the observation improve for the NS (Fault-normal) component of Kobe 
Univ. 
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To determine a control point pSv from an arbitrary magnitude M (the Japan
Meteorological Agency Magnitude (JMA) or its equivalent) and an equivalent
hypocentral distance Xeq that are not directly found in this Table, log pSv is
interpolated by M first and then by log Xeq. 
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Fig.3  Calculation Examples of α(T) 
Fig.4  Observation-to-Estimation 
       Response Spectra Ratio 

Fig.5 

81



IAEA-CN-106/33P 

THE USE OF LANDSAT ETM AND ERS DATA FOR THE 
DETECTION OF FAULTS FOR SEISMIC MICROZONATION 
 

 

 B. Theilen-Willigea, H. Wenzelb 

 a BAGF, Germany 

 b VCE Holding GmbH, Austria 

 
Abstract. Estimating the likelihood of seismic hazard and the degree of damage, including damage of secondary 
effects is essential for damage mitigation planning. The present study is an attempt to integrate various data sets 
as LANDSAT ETM – and satellite radar (ERS) – data and geological and geophysical data to obtain a better 
understanding of processes influencing the damage intensity of stronger earthquakes. Special attention is given 
to the mapping of structural features visible on satellite imageries from the area in order to investigate the 
tectonic setting and to detect surface traces of fracture and fault zones that might influence the contour and 
degree of seismic shock and earthquake induced secondary effects as soil liquefaction. Special attention is 
focussed on active, neotectonice features. Linear features visible on remote sensing - data from the test area, 
thus, were mapped and risk areas delineated using ArcView – Geographic Information System (GIS) –
technology. As risk areas were mapped those regions with higher risk of seismic wave amplification due to water 
saturated surfaces or due to intersecting fault zones guiding seismic waves. The evaluations were compared. 
correlated and combined with available geologic and geophysic data. The results of this study allow an 
application for seismic microzonation purposes. 
 
1. Introduction 
 
Estimating the likelihood of seismic hazard and the degree of damage, including damage of secondary 
effects is essential for damage mitigation planning of nuclear power plants. In order to provide 
guidance for emergency planning a thorough analysis of vulnerability is required. 
 
One important factor that must be accounted for in local hazard studies is the site effect caused by the 
surface and subsurface conditions. Earthquake damage may vary locally, being a function of the type 
of structures in the subsurface and / or soil mechanical ground conditions, as for example of faults and 
fractures, lithology or ground water table (Gupta, 1991). Previous earthquakes have indicated that the 
damage and loss of life are mostly concentrated for example in areas underlain by deposits of soft soil. 
Soft soils amplify shear waves and thus, amplify ground shaking. It has been observed by 
macroseismic studies of topographic effects, that in valleys and depressions damage intensity was 
higher because of higher earthquake vibration. 
 
Other factors influence the strength of earthquake shaking at a site as well, including the earthquake's 
magnitude and the site's proximity to the fault. Source distance and depth, azimuthally variation of 
source radiation, inelastic absorption, focussing effects of geologic structures are further influencing 
facts: Seismic waves travelling in the subsurface might be refracted at sharply outlined discontinuities 
as faults, and, thus, arrive at a summation effect that influences the damage intensity. Earthquakes 
often are guided along existing fault zones. Earthquake intensity, thus, can be amplified by guided 
seismic waves along fault zones. Fault zones could cause constructive interference of multiple 
reflections of seismic waves at the boundaries between fault zones and surrounding rocks. Precise 
delineation of those faults can be a veritable input in seismic risk analysis in order to improve the 
understanding of the influence of surface near tectonic structures on macro seismic intensity and on 
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earthquake related faulting processes. Soil – structure interactions have to be studied as well in order 
to estimate the effects of future earthquakes. 
 
For this reason, it is important to study carefully the existing near-surface fracture and fault pattern in 
order to get a better understanding of the interaction between existing tectonic pattern and seismic 
wave propagation. Lineament analysis based on satellite radar imageries can provide many useful 
hints and information concerning the tectonic pattern and fault geometries 
 
Some of the results can be summarized as followed:  
 Linear features visible on digital enhanced LANDSAT ETM- and ERS radar imageries were 

mapped, see Fig.1 and 2. The lineament maps provide informations concerning the tectonic 
pattern of the investigation area, especially the position of fracture zones and faults. Lineament 
maps were combined with available geologic and geophysic maps, see Fig.3. Many of the 
distinct lineaments visible on the satellite imageries could be verified as fault zones. Others 
seem to trace yet unknown fault zones.  

 Fault zones could cause constructive interference of multiple reflections of seismic waves at the 
boundaries between fault zones and surrounding rocks and ,thus, amplify earthquake damage. 
Areas with intersecting fault zones were delineated and mapped as potential higher damage risk 
sites. 

 Traces of recent (present-day), active tectonic movements are clearly detectable in the 
surrounding areas on the satellite imageries. Evidence for neotectonism is indicated by 
geomorphologic features (sag-ponds, scarps, etc.), especially by the drainage pattern (bending 
and off-setting of rivers). 

 On the satellite imageries and topographic maps can be distinguished areas with a high 
concentration of lakes and wetlands. In case of stronger earthquakes macroseismic intensity 
usually is higher in those areas with watersaturaed surface-near layers. The level of the ground 
water table has a dominating influence. Therefore these areas were mapped as risk areas with 
potential higher risk of damage. 

 Digital terrain data derived by radar imageries from the Shuttle RadarTopography Mission 
(SRTM) allow a detailed impression of the geomorphologic situation in the investigation area. 
Morphologic depressions and valleys in general are more affected by ground shaking than hills 
and ridges. The local, morphologic surface conditions contribute a dominating factor for seismic 
risk estimation. 

 
Based on the LANDSAT ETM- and ERS-data lineament analysis and mapping may be carried out in 
order to detect surface traces of fracture and fault zones that might influence the contour and degree of 
seismic shock. Linear arrangement of pixels depicting the same color / gray tone were mapped as 
linear features, lineations or lineaments. One important factor that must be accounted for in local 
hazard studies is the site effect caused by the surface and subsurface conditions. Earthquake damage 
may vary locally, being a function of the type of structures in the subsurface and / or soil mechanical 
ground conditions, as for example of faults and fractures, lithology or ground water table. Previous 
earthquakes have indicated that the damage and loss of life are mostly concentrated for example in 
areas underlain by deposits of soft soil. Soft soils amplify shear waves and ,thus, amplify ground 
shaking. It has been observed by macroseismic studies of topographic effects, that in  valleys and 
depressions damage intensity was higher because of higher earthquake vibration.  
 
Due to the viewing direction of radar the typical geometric distortions of SAR images preferentially 
enhance certain morphostructural features, others are suppressed. Changes in the intensity of SAR 
signal reflections are mainly correlated to variations of the relief, surface grain and humidity. Thus,  
radar imagery represents a valuable tool to detect small variations in the topography (Chorowicz et 
al.,1996). Studying offsets and deformation of topography and of young deposits, topographic 
anomalies, linear morphologic features as linear valleys, escarpments, etc., helps to identify faults on 
radar imageries. 
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Fig. 1. Lineament analysis based on Satellite Imageries 

 
 

 
Fig. 2. Local Site Conditions as Result of the Assessment 
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Fig. 3.GIS Approach 

 
 
 
 

 
Fig. 4. Earthquakes in the surrounding Areas 
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Abstract. A research effort was undertaken to determine the need for any changes to USNRC’s seismic 
regulatory practice to reflect the move, in the earthquake engineering community, toward using expected 
displacement rather than force (or stress) as the basis for assessing design adequacy. The research explored the 
extent to which displacement based seismic design methods, such as given in FEMA 273, could be useful for 
reviewing nuclear power stations. Two structures common to nuclear power plants were chosen to compare the 
results of the analysis models used. The first structure is a four-story frame structure with shear walls providing 
the primary lateral load system, referred herein as the shear wall model. The second structure is the turbine 
building of the Diablo Canyon nuclear power plant. The models were analyzed using both displacement based 
(pushover) analysis and nonlinear dynamic analysis. In addition, for the shear wall model an elastic analysis with 
ductility factors applied was also performed. The objectives of the work were to compare the results between the 
analyses, and to develop insights regarding the work that would be needed before the displacement based 
analysis methodology could be considered applicable to facilities licensed by the NRC. A summary of the 
research results, which were published in NUREG/CR-6719 in July 2001, is presented in this paper. 

1. Background 

The design of structures subjected to seismic loadings has been traditionally performed using elastic 
methods. This approach was a natural outgrowth of the use of elastic analysis methods to evaluate 
structural performance under working loads. The acceptance criteria for load combinations on 
structures, including seismic effects, have been based on ultimate strength provisions. Seismic loads 
have often been reduced in this process by dividing the loads by ductility factors to account for the fact 
that ductile structures can withstand dynamic loads larger than the elastic limit load. 

The USNRC has recently updated its requirements for earthquake engineering design of nuclear power 
plants. The regulation governing seismic criteria and design, Appendix A to 10 CFR Part 100, was 
revised in December 1996. Since that time, studies of the effects of the Northridge (1994) and Kobe 
(1995) earthquakes have been performed. The results of these studies have inspired some reassessment 
in the technical community about certain aspects of design practice for conventional structures. In 
particular, questions have arisen about the effectiveness of basing earthquake resistant designs on 
resistance to seismic forces and then evaluating the structure’s ability to tolerate the expected 
displacements.  

The traditional approach to reassessing the seismic capability of an existing building, for either an 
increase in perceived seismic hazard or degradation of the structure, has been to recalculate the 
capacity using the original design calculations with actual, as built, material properties and 
dimensions. This reliance on elastic analytical methods has been changing over the past few years as a 
result of the growing interest in reducing the potential effects of earthquakes on the nation's building 
inventory. Under the National Earthquake Hazards Reduction Program (NEHRP), all federal agencies 
are required to evaluate the seismic capacities of their building inventory, to develop retrofits that 
reduce the seismic risk, and to prioritize the repairs based on cost benefit criteria. As agencies began to 
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implement this requirement, it soon became apparent that budgetary constraints emphasize the 
importance of prioritization. Useful cost benefit criteria require that the seismic response used to 
evaluate the buildings be as realistic as possible. Elastic analysis methods (even with the use of 
ductility factors) are not adequate for this purpose. Rather, the analytical methods must focus on 
inelastic methods which rationally account for the effect of ductile behavior on the seismic capability 
of the building. FEMA 273 [1] sets the basic criteria to be used in implementing NEHRP. Inelastic 
analysis methods are proposed which focus on predicting the maximum seismic displacement rather 
than the seismic load that a structure can withstand. It is expected that meeting the NEHRP 
requirements will acquaint the profession with the use and benefits of inelastic deformation seismic 
analyses. 

Therefore, a research effort was undertaken to determine the need for any changes to NRC’s seismic 
regulatory practice to reflect the move, in the earthquake engineering community, toward using 
expected displacement rather than force (or stress) as the basis for assessing design adequacy. 

2. Summary of the Research 

A literature survey was conducted on the recent changes in seismic design codes and standards, on-
going activities of code-writing organizations and published documents by researchers on the 
displacement-based design methods. The detailed results of the literature survey are reported in 
Appendix A to NUREG/CR-6719 [2]. A summary of this survey was presented in SMiRT-15 [3]. 
Based on the survey, it was observed that the transition to displacement based seismic design is a 
rather slow process due to inertia invariably encountered in the engineering community. Changes in 
one element of a design tend to be counterbalanced by changes in another element. Uniform 
nationwide  acceptance is expected to come slowly. Thus, it did not appear that there would be a major 
“ground swell” of demand to change NRC criteria for new plants. 

In the area of rehabilitation of existing buildings, however, it was noted that a need for change has 
been accepted. Researchers and practitioners tend to test and implement new ideas first in the areas of 
repair or rehabilitation. Thus, it was concluded that if the nuclear industry proposed to utilize some of 
the recent developments, it would at first be most likely applied to seismic reevaluation or seismic 
margin and PRA studies. 

Traditionally, nonlinear analyses of nuclear power station structures have been used for margin studies 
where it is desirable to account for ductility effects in a rigorous manner. Seismic margin studies relate 
demand loads to a prediction of ultimate capacity. The ultimate capacity for ductile structures 
subjected to dynamic loading is tied to a deformation criteria, such as a number of yield deflections, 
for estimating failure. Elastic analysis is not suited to this task as it focuses on load and says nothing 
about structural behavior post yield. A nonlinear dynamic analysis is required, but is difficult and time 
consuming to perform. Hence attempts have been made to apply factors (ductility) to elastic analysis 
to account for acceptable structural response into the post yield range.  

The FEMA 273 methodology is an alternate approach that accounts for performance into the post 
yield range. It requires the performance of a nonlinear static analysis of the structure with the loading 
monotonically increased (pushover analysis). Criteria are then given for the maximum displacement 
that the structure must withstand; this displacement is related to the level of the earthquake and the 
dynamic characteristics of the structure. The distribution of loads and displacements throughout the 
elements of the structure at this displacement are then investigated by comparing the element 
deformations with acceptance limits. The acceptance limits are set to values typically suitable for 
margin studies. 

Our research explored the extent to which FEMA 273 methodology could be useful for reviewing 
nuclear power stations. The FEMA 273 methodology has the very desirable characteristic that the 
same analysis can be used for evaluating the facility at the design level earthquake and at larger 
magnitude earthquakes associated with margin studies. It is also directly applicable to graded criteria 
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where more important facilities would be subjected to more stringent acceptance limits than less 
important facilities.  

Two structures common to nuclear power plants were chosen to compare the results of the analysis 
models used. The first structure is a four-story frame structure with shear walls providing the primary 
lateral load system, referred herein as the shear wall model. The second structure is the turbine 
building of the Diablo Canyon nuclear power plant. The models were analyzed using both the 
displacement based (pushover) analysis and nonlinear dynamic analysis. In addition, for the shear wall 
model an elastic analysis with ductility factors applied was also performed. The objectives of the work 
were to compare the results between the analyses, and to develop insights regarding the work that 
would be needed before the displacement based analysis methodology could be considered applicable 
to facilities licensed by the NRC. 

3. Results of the Research 

The research was completed in the Fall of 2000 and fully documented in Reference 2. A condensed 
version of the final report was also presented [4] at the SMiRT16 Conference held in Rosslyn, VA, in 
August 2001. A summary of the research results is presented below. 

3.1. Shear Wall Model 

3.1.1. Description of the Model and Loading 

The shear wall model is a four story reinforced concrete building with shear walls. The typical floor 
framing plan of the building is shown in Fig. 1. The building is 197 feet (60 m) long in the North-
South direction and 95.75 feet (29.18 m) wide in the East-West direction, and it is symmetric in both 
directions. Since the building is symmetric and the input loading is applied in the North-South 
direction, a simplified 2D model which represents half of the building in the East-West direction has 
been generated and used in the analyses. This building was previously used as a sample problem for 
the IDARC program [5]. 

IDARC is a Fortran program developed and maintained by the National Center for Earthquake 
Engineering Research (NCEER) at the State University of New York at Buffalo. The program was 
designed to perform Inelastic Damage Analysis for Reinforced Concrete structures; thus it was named 
IDARC. Since the code has been used to perform nonlinear static (pushover) analysis for commercial 
buildings, it was selected for this study to perform both the time history analyses and the FEMA 
analyses. 

The 2D model is based on the combined stiffness of the three frames marked as N1, N2, and N3 in 
Fig. 1. Frame N1 contains 22 columns, frame N2 contains 6 columns and frame N3 consists of 2 shear 
walls. The lateral load resisting capacity of the building in the North-South direction comes mainly 
from the shear walls. The total height of the building is 48 feet (14.6 m) as each floor has the same 
height of 12 feet (3.66 m).  

All of the components of the building; columns, beams, and shear walls are modeled as reinforced 
concrete elements in the IDARC model. The bases of all of the columns and shear walls are assumed 
fixed in all degrees of freedom. The weight of the building is assumed evenly distributed to the joints 
of the beams and columns as nodal weights. A stick model with four nodal masses was generated to 
represent the mathematical model of the building. The mass of one half of the building is lumped at 
these four nodes with each node representing one floor of the building. 
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Fig. 1. Plan View of the Building for the Shear Wall Model [4] 
(1 ft. = .3048 m) 

3.1.2. Nonlinear Time History Analysis 

In order to evaluate the efficiency and accuracy of the FEMA process, a nonlinear time history 
analysis was performed on the shear wall model to provide a comparison basis. The ground excitation 
input used in the nonlinear time history analysis was the El Centro 1940 NS earthquake, a record of 20 
seconds with an interval of 0.02 seconds. The peak acceleration of the ground motion is 0.348g. A 
response spectrum of 5% damping has been generated from this time history record and used in the 
response spectrum analysis. The viscous damping of 5% used in the response spectrum analysis was 
modeled as mass proportional damping in the time history analysis. An integration time interval of 
0.005 seconds was used to ensure that the responses of high frequency modes were not missed from 
the result. The result shows that the maximum displacement at the roof is 4.75 inches (12.1 cm). A 
comparison of the results of the time history analysis with the results from the FEMA process is 
discussed below. 

A series of runs were executed to calculate the magnitude of the El Centro Earthquake that would 
cause the maximum floor drift ratio to reach 0.75%, the FEMA 273 allowable drift ratio. This is 
because the time history analysis is nonlinear; thus interpolation is not applicable. After seven tries, 
the closest answer to the target is 71.55% (0.249g), at which the maximum floor drift ratio is 0.69%. 
With a slight change of the magnitude of the earthquake (i.e., 0.0005g, from 71.55% to 71.69%), it 
was observed that the floor drift ratio jumps up from 0.69% to 0.83%. 

3.1.3. Analysis of the Shear Wall Model by FEMA 273 

To demonstrate the FEMA 273 procedure, two analyses based on different input loading were 
completed. One loading was with the uniform load pattern and the other was with the modal load 
pattern. In the uniform loading case the distribution of the lateral input loading applied to each floor of 
the model is proportional to the mass of that floor divided by the total mass of the structure. In the 
modal loading case, the distribution of the lateral loading at each floor level is consistent with the 
distribution of the inertia force of that floor obtained from a response spectrum analysis of the 
building. This analysis results in a predicted roof displacement equal to 4.36 inches (11.1 cm). It is 
also found that 92 % of the El Centro earthquake results in the FEMA allowable drift ratio (0.75 %). 
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3.1.4. Response Spectrum Analysis of Shear Wall Model 

A response spectrum analysis was performed for the shear wall model. This is representative of the 
type of analysis that is performed using force based methods. The base shear predicted for the El 
Centro input motion is 6,301 k (28,028 kN).  

3.1.5. Comparison Between Methods 

Table 1 compares the time history analysis results to those obtained using the pushover analyses. Since 
the modal pattern results in the larger maximum floor drift, it is controlling and used to compare with 
the time history results. The displacement  based method predicts a roof displacement of 4.36" (11.1 
cm) or 8 % lower than the time history analysis. This comparison is quite good. For the floor drifts, the 
modal pattern loading case shows the same trend as the time history analysis; the floor drift gets larger 
as the height increases, and the third floor has the largest drift. It is also interesting to compare the 
predicted seismic capacity of the building using both the time history and displacement based 
methods. The capacity is based on an allowable drift of 0.75% as specified in FEMA 273. The seismic 
capacity of the building was found from the time history analysis to be defined with an El Centro 
response spectra anchored at 0.25g. This compares with a displacement based predicted seismic 
capacity of 0.32g ZPA . 

Table 1 Comparison of Nonlinear Time History Analysis with Pushover Analyses (1in. = 25.4 mm) 

The pushover analysis indicated that the building could withstand 0.92 times El Centro. If earthquakes 
of this size were used in the response spectrum analysis, the base shear would be 0.92 * 6301 = 5,797 
kips (25,777 kN). The capacity of the walls is set at Vy = 1,310 kips (5,827 kN). The response 
spectrum would predict the same capacity as the pushover analysis if the ductility factor of 5797 / 
1310 = 4.4 were used. The Uniform Building Code allows an R factor (accounting for ductility, 
overstrength, and load redistribution effects) equal to 5 for a shear wall structure so that the pushover 
analysis gives slightly more conservative results for this case. 

The following conclusions were found from the comparisons: 
1. The displacement based method gives results comparable to the nonlinear time history analysis 

for the shear wall building where there are only material nonlinearities. 
2. The use of ductility factors with a linear response spectrum analysis gives results which are 

comparable to those obtained from either the nonlinear time history analysis or the displacement 
based method. 

3.2. Diablo Canyon Turbine Building 

The Diablo Canyon turbine building was selected for the second case study comparing results obtained 
using the nonlinear time history and displacement based methods. This building was  selected because 

Roof Disp.(in)

Roof Drift (%)

Floor Drift  Drift Ratio Floor Drift  Drift Ratio Floor Drift  Drift Ratio

(inches) (%) (inches) (%) (inches) (%)

Fourth Floor 1.40 0.97 1.05 0.73 1.15 0.81

Third Floor 1.41 0.98 1.08 0.75 1.18 0.82

Second Floor 1.41 0.98 1.08 0.75 1.14 0.79

First Floor 0.77 0.54 1.17 0.81 0.88 0.61

Nonlinear T.H. Uniform Pattern Modal Pattern

4.75

0.82 0.76

4.38 4.36

0.76
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it is a nuclear power plant structure for which complete nonlinear time history analyses are available. 
These analyses are available for two different seismic input levels such as would be required for a 
seismic margin study. It is also of interest since the nonlinear effects include both material nonlinearity 
and geometric nonlinearity (gaps). 

A probabilistic evaluation of the Diablo Canyon turbine building was performed [6] during the plant 
licensing reviews. The objective of that evaluation was to determine the probability of failure for 
several levels of severe earthquake inputs. A simple model of the building was developed that 
characterized its performance through displacements that were likely to cause collapse. Nonlinear load 
– deflection curves were defined for each element of the model. A suite of 25 seismic motions, defined 
with response spectra, was then selected from actual earthquake records recorded at sites that have 
similar geologic formations as found at the Diablo Canyon site. These records were scaled to obtain 
any required magnitude of input motions. The dynamic analyses were performed using 25 time 
histories scaled so that the average (over the 3 cps to 8.5 cps frequency range) spectral accelerations 
were 3g’s and 6g’s. 

 

 

Fig. 2. Diablo Canyon Turbine Building Model B 

Nonlinear dynamic response analyses were then performed to evaluate the peak model displacements 
for each of the 25 seismic input motions scaled to a common average spectral acceleration (averaged 
over the 3 cps to 8.5 cps frequency range). A statistical analysis was performed on the 25 predicted 
displacements to obtain median and standard deviation estimates of the displacements. A comparison 
of this displacement data with likely element failure displacements resulted in a prediction of the 
probability of failure for each earthquake level. 

Two models, designated A and B, were used for the displacement based analyses. Model A is identical 
to the one used in the original Diablo Canyon study [6]. Model B is shown in Fig. 2. The two elements 
of the operating floor diaphragm for Model A are combined into a single element for Model B with 
two rigid links used to connect the center of the operating floor to the gap elements around the turbine.  
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A displacement-based analysis (FEMA 273) was performed for this structure and the results compared 
with those obtained from the time history methodology used in Ref. 6. Median model characteristics 
are used and the input seismic motion is defined with the median response spectra for the 25 input 
motions used in the Ref. 6 study. These predictions are then compared with the median results 
obtained from the force based probabilistic analyses. 

3.2.1. Comparison of Time History and Displacement Based Results 

The displacement results obtained with the displacement-based method and the time history methods 
are compared in this section. The time history methods developed log normal distributions for the 
displacements. The error between the two is normalized with respect to the log standard deviation and 
is defined as: 

E = ABS [ln (Dfema / Dm)] / βD 

Where,  

Dfema = displacement based prediction 
Dm    = median of time history prediction 
βD        = log standard deviation for time history analysis 

The results of the time history analyses are combined with the results of the displacement based 
analyses to show the differences between the two sets of results, with summaries given in Tables 2 and 
3 for the 3g and 6g cases, respectively. 

Table 2. Differences Between Forced Based and Displacement Based Analyses for 3g Input  
(1 in. = 25.4 mm) 

Location Top of Wall 19 Top of Wall 31 Operating Floor Turbine 

Dm 0.537" 0.704" 3.252" 2.579" 

βd 0.662 0.624 0.417 0.3 

Model A - Dfema 0.44" 0.432" 7.08" 1.92" 

Model A - E 0.3 0.78 1.87 0.98 

Model B - Dfema 0.90" 1.39" 6.60" 2.77" 

Model B - E 0.78 1.09 1.7 0.24 
 

Table 3 Differences Between Forced Based and Displacement Based Analyses for 6g Input  
(1 in. = 25.4 mm) 

Location Top of Wall 19 Top of Wall 31 Operating Floor Turbine 

Dm 3.522" 4.922" 8.574" 6.227" 

βd 0.587 0.541 0.412 0.415 

Model A - Dfema 2.88" 3.08" 14.16" 6.77" 

Model A - E 0.34 0.87 1.28 0.2 

Model B - Dfema 3.26" 3.46" 13.20" 11.91" 

Model B - E 0.13 0.65 1.05 1.56 
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It can be seen that the displacement based method using a FEMA 273 approach does not give results 
which are comparable to the more complete nonlinear time history analysis for the Diablo Canyon 
turbine building where both material and geometric nonlinearities (gaps) were included. The 
displacement-based method generally over-predicts the response. The predictions between the two 
methods are closer for the response at the top of the shear walls (Wall 19 and 31) than for the 
operating floor diaphragms or for the turbine pedestal. For the 3g input motion, the Model A 
predictions of the shear wall displacements are better than the Model B predictions, but the reverse is 
true for the operating floor diaphragm and turbine pedestal displacements. The Model B predictions 
are better than the Model A predictions for the 6g input except for the turbine pedestal deflection. This 
result is probably due to the strong effect of the gaps on the system response. 

Four factors contribute to the observed differences: 
1. Since the turbine is so massive, the dynamic characteristics of the building change dramatically 

when the gaps close. The basic idea behind the displacement-based approach is that an 
“equivalent” static analysis can be performed to represent the dynamic response. It is unlikely that 
a single static model could adequately model the response of a system that changes so 
dramatically as the gaps close and open. 

2. The load path changes from the turbine pedestal supporting the building to the building 
supporting the turbine pedestal as the operating floor diaphragm and then the turbine pedestal 
reach their respective yield loads. It is also unlikely that this could be modeled with a single 
equivalent static model.  

3. The displacement-based methodology was developed for cases where the building has softening 
stiffness characteristics. Some elements of the turbine building problem have the opposite 
characteristic. After the operating floor diaphragm yields, it is partially supported from the turbine 
pedestal. This support results in a nonlinear increase in building stiffness.  

4. The turbine pedestal and shear wall structure behave as uncoupled systems during a large part of 
the response. The displacement based method attempts to model this with a single degree of 
freedom system which cannot capture the dynamic characteristics of both in a single model. 

4. Conclusions 

The following conclusions were drawn from the results of this study: 
1. It was concluded that there is no need to revise nuclear power plant acceptance criteria for 

seismic design of new plants to address displacement based methods. The displacement based 
approach is not likely to be used for the design of nuclear power facilities since the current 
acceptance criteria are force based and all responses are required to remain in the linear elastic 
range. While a displacement based approach could be developed for plants similar to the existing 
LWR designs, it would offer no advantages over the force based methodologies currently in use 
for evaluating design adequacy.  

2. If new plant designs have different controlling accident scenarios than the current generation and 
are more tolerant of inelastic deformation, then displacement based methods would seem to have 
potential application. The same observation also applies to fuel cycle facilities. 

3. Seismic margin studies for existing nuclear facilities are based on displacement acceptance 
criteria (usually inelastic deformation limits corresponding to a given probability of failure). The 
displacement based analysis is directly applicable to problems where only material nonlinearity 
occurs. The displacement based methods offer two advantages over nonlinear time history 
analysis. First, the displacement based approach (or pushover analysis) is much simpler and less 
time consuming to use than the time history analysis. Second, this simplification is likely to 
reduce the potential for erroneous results and to increase the number of engineers that have the 
background required to perform the analysis.  

4. The use of displacement based methods can be expected to increase as fragility analyses are 
introduced for risk information purposes. The method greatly reduces the effort required to 
produce structural fragility curves from that which is required using time history analyses. A 
single static nonlinear analysis is required to produce the pushover curve. Solutions for different 
probabilities of failure are then obtained by evaluating the criteria earthquake required for the 
structural displacement to reach the acceptance criteria associated with the probability of failure. 
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Since many nonlinear time history analyses would be required to generate the fragility curve, a 
displacement based approach has potential for cost savings and is likely to become popular.  

5. Additional studies need to be performed before nuclear power plant structures with both material 
and geometric nonlinearities can be treated with the current displacement based methods that 
presume only material nonlinearity. 

6. If the displacement based methods of FEMA 273 are to be applied on a wide scale to nuclear 
facilities, efforts must be undertaken to develop appropriate coefficients and displacement limits 
that are consistent with the importance of the structure. Alternative forms of displacement based 
methods are also possible. The primary steps in any displacement based method are to predict the 
expected displacement of the structure to earthquakes of interest accounting for nonlinear 
characteristics of the structure, and to evaluate the details of the structure to determine whether 
sufficient ductility is available to accommodate the displacement pattern with adequate margin. A 
method, similar to FEMA 273, could be developed specifically for nuclear structures. 

DISCLAIMER NOTICE 

This work was performed under the auspices of the U. S. Nuclear Regulatory Commission, 
Washington D.C. The findings and opinions expressed in this paper are those of the authors, and do 
not necessarily reflect the views of the U. S. Nuclear Regulatory Commission or Brookhaven National 
Laboratory. 
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Abstract. Near-fault ground motions have special characteristics that affect the response of structures. In the 
near field in the forward directivity zone, the records are characterized by pulse type motion of long duration. In 
addition, the short travel distance of the seismic waves would not allow enough time for the high frequency 
content to be damped out of the record. The objective of this study is to investigate the effect of near fault 
earthquakes on the response of various nuclear structures. 
A set of 4 near fault records were selected for use in the analysis. Four reinforced concrete moment resisting 
frame buildings of three, six, twelve and twenty storeys were designed according to current codes. The nonlinear 
response of the structures when subjected to the near-fault ground motion was analyzed. Results were obtained 
in the form of static pushover and dynamic capacity curves. 
The capacity curve obtained from the nonlinear pushover analysis was found to provide a close representation of 
the response of structures to near-fault ground motion. The static capacity curve appears to represents a lower 
bound for the dynamic response of the structure.    
 
1. Introduction 

Near-fault ground motions have special characteristics that affect the response of structures. The 
importance of near fault effects in earthquake design of civil structures became evident after the 1994 
Northridge and 1995 Kobe earthquake events. In the near field in the forward directivity zone, the 
records are characterized by pulse type motion of long duration. In addition, the short travel distance 
of the seismic waves would not allow enough time for the high frequency content to be damped out of 
the record as is normally observed in far field records.  

Available research on the response of structures to near-fault earthquakes (NFE) is fairly limited. Iwan 
et al. [1] studied the response of inelastic structures to near-fault ground motion using simplified 
single-degree and multi-degree-of-freedom structural models. A shear-beam model was used to 
analyze building response to NFE ground motions. It was concluded that the single-mode analysis 
provides misleading results for long period structures subjected to pulse-type ground motions. 

Alavi and Krawinkler [2] studied the elastic and inelastic responses of frame structures subjected to 
NFE. They showed that for structures with long period T in comparison to the pulse period Tp (T> Tp), 
the distribution of elastic storey shear forces over the height is sensitive to the ratio of natural period of 
the structure to the pulse duration. It was observed that the shear forces in upper storeys might exceed 
the base shear. It was shown that the traveling wave effect causes highly non-uniform distribution of 
ductility demands over the height.  

The nonlinear response characteristics of reinforced concrete frames subjected to NFE were studied 
[3]. Five and twelve-storey moment resisting frames were designed according to the Taiwan building 
code. Four near-fault records during the 1999 Chi-Chi (Taiwan) earthquake were used as well as 
another set of earthquake records at the same sites recorded from past events representing far-field 
ground motions. All records were scaled to the same PGA of 3 m/s2. It was concluded that storey drift 
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induced by the near-fault ground motion for both 5 and 12-storey frames was much higher than that 
due to far-field ground motion. 

NFE may contain high amplitude long period pulses in addition to high frequency content. Available 
codes and design procedures take the high frequencies into account as ground motion with high 
frequency content was used in the development of code design spectra. However, structures designed 
according to current procedures may be vulnerable to the high amplitude long period pulse type 
ground motion. The limited number of the structures and near-fault records used in the published 
research emphasize the need for a comprehensive study of near-fault ground motions and their effect 
on a wide range of actual structures designed according to current codes. The objective of this study is 
to evaluate the response of structures of various dynamic characteristics to near fault ground motion. 

2. Structural design 

Four structures of three, six, twelve and twenty storeys were designed according to current codes [4, 
5]. The buildings were assumed to be located in the highest seismic zone on Canada’s west coast. The 
four buildings have the same symmetrical floor plan of 3 bays by 3 bays. Each bay is 6.00 m wide. 
The floor-to-floor height of the storey is 3.6 m, for total building heights of 10.8, 21.4, 43.2 and 72.0 
m for the three, six, twelve and twenty storeys, respectively. The specified compressive strength of 
concrete was fc’ =25 MPa and the specified yield strength of steel was fy=400 MPa. All interior frames 
of each building were subjected to the same dead, live, inertia and wind loads. However, they were 
subjected to different seismic loads due to accidental torsional effect. The frame subjected to the 
highest load combinations was designed. The design base shears were 14.9, 10.1, 7.8 and 6.4 % of the 
total weight for the 3, 6, 12 and 20-storey frames respectively. The first three periods of free vibration 
of the four structures are listed in Table I. 

Table I Periods of free vibration of the designed structures 

No. of storeys First period Second period Third period 

3 
6 
12 
20 

0.96 
1.48 
2.18 
3.28 

0.25 
0.51 
0.90 
1.24 

0.11 
0.25 
0.49 
0.74 

 

3. Selected NFE records 

A set of 4 near-fault records from different earthquake events was selected for use in this study [6]. 
Table II summarizes the data of the selected ground motion records. All the records were free field or 
in building basement in order to minimize the effect of the structure response on the recorded ground 
motion. The records were from stations at horizontal distance to the surface projection of the rupture 
not more than 5 km. The peak ground acceleration (PGA), peak ground velocity (PGV) and peak 
ground displacement (PGD) of the records are listed in Table II. 

4. Analysis 

To determine the nonlinear static and dynamic response of reinforced concrete frames due to near-
fault ground excitation, accurate constitutive models capable of representing deteriorating material 
behaviour are required. CANNY99 [7], a computer program for three-dimensional nonlinear static and  
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Table II Selected NFE ground motion records 

Earthquake 
 

Date 
 

Mw 
 

Station 
 

Fault 
dist. 
Km 

Comp.
 

Degree

PGA
 

g 

PGV 
 

m/s 

PGD 
 

m 

ID 
 

Superstition 
Hills 11/24/87 6.7 

5051 
Parachute 
Test Site 

0.7 225 0.46 1.12 0.53 SH-PT-1

Erzincan, 
Turkey 3/13/92 6.9 95 Erzincan 2.0 NS 0.52 0.84 0.27 ER-ER-2

Landers, CA 6/28/92 7.3 24 Lucerne 1.1 275 0.73 1.47 2.63 LA-LC-2

Tabas, Iran 9/16/78 7.4 9101 Tabas 3.0 TR 0.85 1.21 0.95 TB-TB-2

 

dynamic structural analysis of reinforced concrete and steel structures was selected. CANNY cross-
peak tri-linear pinching model or Takeda-rule slip model was used to model the inelastic behaviour of 
beam elements. Multi-spring hysteresis model was used to represent the column behaviour. Elements 
idealized by the Multi-spring model have a line element and two multi-axial spring elements at each 
end. This element can carry moment and axial force but not shear force. Multi-linear curves are used 
to represent the force-deformation relation for steel and concrete springs.  

The static pushover analysis using modal SRSS pattern was performed. The results of the analysis in 
the form base shear variation with drift for the 3, 6, 12 and 20-storey frames are shown in Figs. 1 to 4, 
respectively. The dynamic nonlinear time history analysis for each frame was conducted using the 
ground motion records scaled by 0.1 g steps. For each case the maximum base shear and drift were 
determined. This gives one point on the dynamic capacity curves shown in Figs. 1 to 4. 

The predicted behaviour of the structure using the static pushover analysis provides a lower bound for 
the dynamic capacity curve. For high frequency structures, the estimated base shear resistance using 
the static pushover analysis is 0.8 of the dynamic load capacity. For long period structures the 
estimated static pushover capacity is 0.67 of the dynamic capacity. In other words, for the same base 
shear the pushover analysis gives higher drift prediction than the dynamic capacity curve. It is not 
practical for the design process to include calculating dynamic capacity curves. Instead, the pushover 
analysis can be used. Capacity curves are particularly suited for displacement based design 
approaches. 
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FIG. 1. Static and dynamic capacity curves   FIG. 2. Static and dynamic capacity curves 
for 3-storey frame       for 6-storey frame 
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FIG. 3. Static and dynamic capacity curves   FIG. 4. Static and dynamic capacity curves 
for 12-storey frame      for 20-storey frame 

 
5. Conclusions 
 
NFE records are rich in high frequencies. In addition, in the positive directivity NFE records may 
contain large amplitude velocity pulse of long duration. These characteristics impact the response of 
both high frequency and long period structures. In traditional seismic design procedures, the high 
frequency content of NFE have been accounted for in the development of the seismic design spectra.  

The static pushover analysis underestimates the building capacity to resist dynamic loads due to NFE. 
For the same base shear, the static pushover analysis gives conservative estimates of the displacement 
of the structure. The nonlinear static pushover approach is particularly suited for displacement based 
design of structures to NFE.. 
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Abstract. Seismic fragility of structure is the conditional frequency of its failure for a given value of seismic 
response parameter, which is generally taken as peak ground acceleration. A method for determining the seismic 
fragility using deflection based structural analysis (pushover analysis) has been developed. Application of 
deflection based fragility analysis method is illustrated with an example problem of reinforced concrete frame 
structures taken from a safety related concrete building of PHWR based nuclear power plant. 
 
1. Introduction 
 
Fragility of a system, be it building structures or equipment or a safety system, is defined as the 
conditional probability of its failure for a given value of the input parameter such as stress, moment, 
spectral acceleration, peak ground acceleration.  
 
Seismic fragility is generally defined in terms of peak ground acceleration (PGA). The objective of 
fragility evaluation is to estimate the PGA value for which the seismic response of a given component 
(i.e. structural elements or equipment) located at a specified point in the structure exceeds the 
component capacity resulting in its failure. Because there are many sources of variability in the 
estimation of this ground acceleration capacity, the component fragility is described by means of a 
family of fragility curves. A probability value is assigned to each curve to reflect the uncertainty in the 
fragility estimation [1]. System fragility is derived by combining suitably the component fragility. 
 
In case of structures, failure   can be viewed in more than one way, strength failure (collapse) and 
functional failure. Fragility analysis of concrete structure of a nuclear power plant (NPP) is worked out 
in most cases in terms of element stresses, i.e. basically with reference to strength failure. The 
structures have generally considerable margin against strength failure. However, safety against such 
failure may not guarantee the safety against functional failure.  
 
Seismic fragility of reinforced concrete structures for functional failure could be worked out using 
deflection based method. Deflection based method is also believed to be suitable for re-evaluation of 
concrete structures subjected to near field earthquakes. The scope of the present paper covers 
determination of seismic fragility of reinforced concrete structures using deflection based method.  
 
2. Fragility Analysis of Structural System 
 
The ground acceleration capacity, A, of a component can be expressed in terms of best estimate of the 
median ground acceleration capacity, Ã, and two random variables, εR and εU, and is given by [2], 
 
A = Ă. εR. εU (1) 
Ă = Am. F  (2) 
F = FS.Fµ.FRS    (3) 

ECMCMSSSARS FFFFFFF ∗∗∗∗∗= δ  (4) 
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Where, 
 
Ã : Median ground acceleration capacity 
εR: Random variable representing the inherent randomness about the median value 
εU: Random variable representing the uncertainty in the median value.  
Am: Median value of ground acceleration PGA 
FS: Strength factor. 
Fµ: Inelastic-absorption factor. 
FRS: Structure-response conservatism factor. 
FSA: Factor for ground motion and associated response spectra for a given PGA. 
FSS: Soil structure interaction factor. 
Fδ: Factor energy dissipation i.e. damping.  
FM: Structural modeling factor.  
FMC: Factor for combination of modes and earthquake analysis results.  
FEC: Factor for combination of earthquake components  
 
If {F(.)}’s follows log-normal distribution, the median )(F  and standard deviation (βF) of “F” can be 

calculated from the median values }{ (.)F  and logarithmic standard deviation {β(.)} of the factors given 
in equations (3) and (4). Therefore, 
 

ECMCMSSSAS FFFFFF*FFF ∗∗∗∗∗∗= δµ   (5) 
and 
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βF is further divided into random variability βR and uncertainty βU 
 
The fragility i.e., the frequency of failure f at any non-exceedence probability level Q can be expressed 
as: 
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Where, Q = [ ]a|ffP ' <  = the probability that the conditional frequency of failure, “ f’ ”, is less than 
f for a peak ground acceleration, ‘a’; and Φ(.) is the standard Guassian cumulative distribution 
function. From the equation above f’ is determined for discrete values of non-exceedence probability 
level such as 5%, 50% and 95% etc for each structural elements.  
 
Fragility of the overall structural system can be determined by combining suitably the component 
(structural element) fragility. One example of such combination approach is fail-safe condition. The 
seismic fragility of overall structural system can be determined as follows using fail-safe combination 
approach. Let fi is the conditional frequency of failure of the element for a PGA value of “a”. The 
conditional frequency failure of the overall structure for PGA value of “a” is given by the following 
expressions [3] for a given value of “i”, say i = 4; 
 
PF = f1+(1- f1)[ f2 + (1- f2){ f3+(1- f3) f4}]    (8) 
 
Where, fi’s are arranged in descending order, i.e., f1 > f2 > f3 > f4 
 
To obtain the family of fragility curve, the above calculation is to be done for at least 10-20 
acceleration values within the acceleration range of interest for each value of Q. 
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3. Seismic Fragility of Reinforced Concrete Frame Structures Using Deflection Based 
Method 
 
A structure can be considered to fail functionally when the deformations under seismic loads are 
estimated to be sufficient to potentially interfere with the operability of the safety related equipment 
attached to the structure, or fractured sufficiently to cause the failure of equipment attached to it. Two 
important failure modes of structures are indicated above; deformation of the structure beyond a 
desired value, and fracture of components to which equipment is attached. First one may be viewed 
from the consideration of functional failure, while the second one is associated with the strength 
failure of component.  
 
The functional failure of a structural system can be defined by the exceedence of deflection at a given 
location beyond a specified value, or storey drift exceeding a given value. Such type of deflection-
based criteria can be incorporated in the fragility evaluation of reinforced concrete frame structures by 
means of deflection-based method. 
 
In deflection-based method, a pushover curve, i.e. load (base shear) deformation (roof deflection) 
curve of the structure is first determined and then the maximum displacement, ag∆ , under the effect of 
given seismic excitation is calculated. Methodology described in either FEMA 273 [4] or ATC-40 [5] 
is suitable for this purpose. It is to be noted that the pushover curve (load deformation curve) is the 
property of the structure and not related to ground motion parameters. The limiting value of deflection 
parameters can be specified considering the constraints imposed upon the structure from the 
operability condition of systems or equipment housed in it. These limiting values of deflection 
parameters represent the capacity of the structure for given criteria. Typical deflection parameters on 
which the limitations could be imposed are roof deflection, storey drift, etc. Once the deflection 
parameters are identified and the limits, ∆a, are specified, the ground acceleration capacity of the 
structure can be determined from equation (1) through (7). The governing relation of ground 
acceleration capacity of equations (2) and (3) reduces to  
 

RSCm FFAA ∗∗= ∆  (9) 

anag

ana
CF

∆−∆
∆−∆

=∆  (10) 

Where, 
FC∆ = Capacity factor 
∆a  = Limiting value of structural deflection. 
∆an = Deflection induced by non-seismic load 
∆ag = Maximum deflection corresponds to the given ground motion parameter determined from the 

deflection based method. 
 
When ∆an is very small compared to ∆ a and ∆ ag, for example in case of dead load, equation (10) 
reduces to 

ag

a
CF

∆
∆

=∆  (11) 

It may be noted from equation (9) that the capacity factor FC∆ replaces Fs and Fµ of equation (3). The 
factor Fµ of equations (3), (4), and (6) is not considered explicitly in equation (9), because the 
contribution of structural ductility is already considered in establishing pushover curve. But the 
variability associated with FC∆ and other factors related to FRS are to be considered similar way as 
expressed in equations (5) and (6). The exceptions are that the terms and  'FF' S µ∗  '' 22

s µβ+β  would 
be replaced by ‘FC∆’ and ‘βC∆

2’ respectively.  
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The methodology described in FEMA 273 has been adopted for the present work, though ATC-40 
methodology is also equally good for calculating ∆ag. FEMA 273 outlines a procedure for calculation 
of the expected maximum displacement (usually, roof displacement), which is also termed as target 
displacement, during an earthquake using a number of factors for modification of structural deflection. 
To derive the target displacement, the spectral acceleration corresponding to the effective period of the 
structure is multiplied by these modification factors, which accounts for non-linear and dynamic 
behavior of the structure. The target displacement expected during an earthquake is given by 

g
2
T

SaCCCC
2

e
3210t 







π
=δ  (12) 

The detailed procedure for calculation of target displacement as per FEMA 273 is given in the 
Appendix. 
 
4. Example Problem 
 
The formulation derived in the preceding section is illustrated with an example of reinforced concrete 
frame structure taken from a safety related building of PHWR based NPP. Fig. 1 depicts configuration 
of the frame structure and the sectional parameters of beams and columns are given in Table-1A and 
Table–1B respectively. The ground acceleration spectrum that was used in design of the frame is given 
in Fig. 2. 
 

 
 
 

FIG. 1. Configuration of the frame structure of the example problem 
(All dimensions are in meters) 

 
Table 1A: Section parameters of beams 

Percentage of reinforcement Group Element Numbers. Size (mm) 
End 1 End 2 

  b x d Top Bottom Top Bottom 
B1 231 450x1000 .84 .84 .88 .88 
B2 237 450x1000 .78 .78 .87 .87 
B3 232,234,236 450x1000 .66 .66 .67 .67 
B4 233,235 450x1000 .74 .74 .76 .76 
B5 245,238 800x500 1.82 .61 1.3 .65 
B6 244 500x1200 .91 .54 1.26 .55 
B7 239 500x1200 1.22 .61 .92 .56 
B8 240,241,242,243 500x1200 .99 .61 .95 .62 
B9 252 800x500 1.16 .61 .95 .62 

B10 246 700x1200 .95 .6 .7 .54 
B11 247,248,249,250,251 700x1200 .65 .55 .67 .59 

6.00 8.30 6.00 6.75 6.75 7.50 8.50 

3.00 

5.86 

5.04 

6.00 
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B12 253,254,255,256,257 700x950 .85 .55 .88 .61 
 
 
Table 1B: Section parameters of columns 
Group Element Numbers Size (mm) Percentage of reinforcement 

C1 201 800x800 3.5 
C2 202, 204 800x800 2.42 
C3 203 800x800 1.27 
C4 205, 206, 207 1200x1200 1.26 
C5 208 1200x1200 1.45 
C6 209, 210, 211, 213, 214, 215, 

216, 217, 218, 220, 221, 222, 
224, 225, 226 

1000x1000 1.62 

C7 212, 219 1000x1000 1.97 
C8 223, 227 1000x1000 1.89 
C9 228, 229, 230 1200x1200 1.26 
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FIG. 2. Ground acceleration response spectra (7% damping) 

 
Push over analysis of the frame was carried out for failure in flexure mode. The moment curvature 
relationship of elements are determined from the cross sectional data of Table-1 using the method 
given in [7]. A typical moment curvature relation of a concrete beam (end 1 of element group B2) is 
shown in Fig. 3. The fragility parameters, i.e. median values of factors associated with FRS and the 
variability of FC ∆  and different factors related to FRS is tabulated in Table – 2 [2]. 
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FIG. 3. Typical moment curvature relationship for a concrete beam for different values of axial load 

(P) expressed in terms of ultimate axial load (Pu) 
 
Table 2 Fragility Parameters 

Factors 
(.)F  β(.)U β(.)R 

FC∆ - 0.25 0.14 
FSA 1.25 0.10 0.20 
Fδ 1.25 0.075 0.075 
FM 1.0 0.15 0.00 
FMC 1.0 0.00 0.075 
FEC 1.0 0.00 0.075 
FSS 1.3 0.20 0.20 

 
The frame was pushed by the load distribution given in Fig. 4, determined from storey shear 
corresponding to first mode of vibration. The push over analysis was carried out using ANSYS 
software. Fig. 5 contains the deflected shape of the frame when mechanism is formed. The 
corresponding pushover curve, i.e. variation of roof displacement with base shear is given in Fig. 6. 
The load displacement data obtained from the pushover analysis is given in Table-3.  
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FIG. 4. Load distribution used for pushover analysis 
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FIG. 5. Deflected shape of the frame after the formation of mechanism 
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FIG. 6. Pushover curve (Base shear Vs roof deflection) of the frame 

 

108



 

 Ta
bl

e 
3.

 L
oa

d 
– 

Lo
ad

 –
 d

ef
le

ct
io

n 
da

ta
 o

f t
he

 fr
am

e 
R

oo
f 

Fo
ur

th
 fl

oo
r 

Th
ird

 fl
oo

r 
Se

co
nd

 fl
oo

r 
Fi

rs
t f

lo
or

 
St

ep
 

 N
o.

 
  

B
as

e 
sh

ea
r,

(N
)   

D
is

pl
ac

em
en

t, 
 (m

) 
D

rif
t R

at
io

 %
 

Fl
oo

r D
rif

t,
 (m

) 
D

rif
t r

at
io

,
 %

 
Fl

oo
r D

rif
t, 

(m
) 

D
rif

t r
at

io
,

 %
 

Fl
oo

r D
rif

t,
 (m

) 
D

rif
t r

at
io

,
 %

 
Fl

oo
r D

rif
t,

 (m
) 

D
rif

t r
at

io
, 

 %
 

1 
1.

46
E+

05
0.

00
32

 
0.

01
62

 
0.

00
10

 
0.

01
60

 
0.

00
10

 
0.

01
93

 
0.

00
11

 
0.

01
84

 
0.

00
02

 
0.

00
73

 
2 

2.
82

E+
05

0.
00

61
 

0.
03

07
 

0.
00

18
 

0.
02

96
 

0.
00

18
 

0.
03

67
 

0.
00

21
 

0.
03

54
 

0.
00

04
 

0.
01

40
 

3 
4.

86
E+

05
0.

01
04

 
0.

05
25

 
0.

00
30

 
0.

04
99

 
0.

00
32

 
0.

06
27

 
0.

00
36

 
0.

06
09

 
0.

00
07

 
0.

02
42

 
4 

7.
58

E+
05

0.
01

62
 

0.
08

16
 

0.
00

46
 

0.
07

71
 

0.
00

49
 

0.
09

75
 

0.
00

56
 

0.
09

49
 

0.
00

11
 

0.
03

77
 

5 
1.

03
E+

06
0.

02
20

 
0.

11
08

 
0.

00
63

 
0.

10
44

 
0.

00
67

 
0.

13
25

 
0.

00
76

 
0.

12
91

 
0.

00
15

 
0.

05
13

 
6 

1.
30

E+
06

0.
02

79
 

0.
14

00
 

0.
00

79
 

0.
13

17
 

0.
00

84
 

0.
16

75
 

0.
00

96
 

0.
16

33
 

0.
00

19
 

0.
06

49
 

7 
1.

57
E+

06
0.

03
37

 
0.

16
93

 
0.

00
95

 
0.

15
91

 
0.

01
02

 
0.

20
26

 
0.

01
16

 
0.

19
76

 
0.

00
24

 
0.

07
84

 
8 

1.
85

E+
06

0.
03

95
 

0.
19

86
 

0.
01

12
 

0.
18

67
 

0.
01

20
 

0.
23

77
 

0.
01

36
 

0.
23

18
 

0.
00

28
 

0.
09

20
 

9 
2.

12
E+

06
0.

04
54

 
0.

22
79

 
0.

01
28

 
0.

21
42

 
0.

01
37

 
0.

27
28

 
0.

01
56

 
0.

26
61

 
0.

00
32

 
0.

10
56

 
10

 
2.

39
E+

06
0.

05
12

 
0.

25
72

 
0.

01
45

 
0.

24
17

 
0.

01
55

 
0.

30
79

 
0.

01
76

 
0.

30
03

 
0.

00
36

 
0.

11
92

 
11

 
2.

66
E+

06
0.

05
70

 
0.

28
66

 
0.

01
62

 
0.

26
92

 
0.

01
73

 
0.

34
30

 
0.

01
96

 
0.

33
46

 
0.

00
40

 
0.

13
28

 
12

 
2.

93
E+

06
0.

06
29

 
0.

31
61

 
0.

01
78

 
0.

29
68

 
0.

01
91

 
0.

37
83

 
0.

02
16

 
0.

36
91

 
0.

00
44

 
0.

14
69

 
13

 
3.

21
E+

06
0.

06
88

 
0.

34
59

 
0.

01
95

 
0.

32
45

 
0.

02
09

 
0.

41
38

 
0.

02
37

 
0.

40
40

 
0.

00
48

 
0.

16
13

 
14

 
3.

48
E+

06
0.

07
49

 
0.

37
63

 
0.

02
11

 
0.

35
24

 
0.

02
27

 
0.

44
97

 
0.

02
58

 
0.

43
97

 
0.

00
53

 
0.

17
70

 
15

 
3.

75
E+

06
0.

08
10

 
0.

40
71

 
0.

02
28

 
0.

38
04

 
0.

02
45

 
0.

48
58

 
0.

02
79

 
0.

47
61

 
0.

00
58

 
0.

19
32

 
16

 
4.

02
E+

06
0.

08
73

 
0.

43
87

 
0.

02
45

 
0.

40
89

 
0.

02
63

 
0.

52
26

 
0.

03
01

 
0.

51
37

 
0.

00
63

 
0.

21
12

 
17

 
4.

29
E+

06
0.

09
40

 
0.

47
22

 
0.

02
63

 
0.

43
79

 
0.

02
82

 
0.

56
05

 
0.

03
25

 
0.

55
39

 
0.

00
70

 
0.

23
28

 
18

 
4.

57
E+

06
0.

10
11

 
0.

50
80

 
0.

02
81

 
0.

46
77

 
0.

03
02

 
0.

59
98

 
0.

03
50

 
0.

59
76

 
0.

00
78

 
0.

25
93

 
19

 
4.

84
E+

06
0.

10
91

 
0.

54
82

 
0.

02
99

 
0.

49
89

 
0.

03
24

 
0.

64
19

 
0.

03
80

 
0.

64
78

 
0.

00
88

 
0.

29
48

 
20

 
5.

11
E+

06
0.

11
75

 
0.

59
03

 
0.

03
18

 
0.

53
07

 
0.

03
45

 
0.

68
51

 
0.

04
11

 
0.

70
09

 
0.

01
00

 
0.

33
43

 
21

 
5.

38
E+

06
0.

21
00

 
1.

05
53

 
0.

04
07

 
0.

67
79

 
0.

04
91

 
0.

97
38

 
0.

07
80

 
1.

33
08

 
0.

04
23

 
1.

40
90

 
  

109



 

The median value of FC∆, i.e. F C∆, is calculated from the median value of ∆a and ∆ag using equation 
(11). The corresponding value of variability βC∆R and uncertainty βC∆U are taken as 0.14 and 0.25 
respectively. The displacement, ∆ag, corresponding to PGA value 0.2g is calculated from equation (12) 
and the pushover curve of Fig. 6, which is 9.44 mm. The fragility curve considering the value of 
maximum roof deflection, ∆a= 210mm (from Fig. 6) as its capacity is given in Fig. 7. It may be noted 
that Fig. 7 gives the fragility curve of the frame when its capacity is defined by the maximum roof 
deflection. The acceleration capacity of the frame corresponding to high confidence (95%) low 
probability of failure (5%) is 2.8g. 
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FIG. 7. Fragility curve of the frame corresponding to the collapse state. 

HCLPF = 2.8g 
 
The pushover calculation of the frame indicates a very high roof deflection 210mm prior to collapse, 
no concrete structure of NPP is allowed to deflect so high. Generally limit on deflection, from 
functionality consideration, is imposed. The fragility curves of structure can be easily determined for 
this condition. If roof deflection of the example frame is limited to height/300, the ∆a becomes 66mm. 
This is less than the maximum defection determined by pushover analysis. The fragility curves thus 
determined by putting this value of ∆a in equation (9) and (11) are given in Fig. 8. 
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FIG. 8. Fragility curve of the frame corresponding to the roof deflection of height/300, 

HCLPF= 0.875 g. 
 
Functional failure criteria are also defined in some cases by limiting particular storey drift. Fragility 
curves can also be determined for such cases using the method described in the present paper. If 
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functional failure is defined as a given floor drift, the roof deflection corresponding to this specified 
floor drift will represent the capacity ∆a. Once ∆a is known, the fragility curves are determined using 
the same procedure. Fragility curves of the example problem are determined for four cases of story 
drifts as given in Table-4. These fragility curves are given in Fig. 9. 
 
Table – 4 Calculation of ∆cF  for different performance parameters 

Case Roof deflection, ∆a
* (m) 

∆cF  ∆cmFA (g) 
Case 1: 1% drift of second floor 0.164 17.32 3.64 
Case 2: 0.75% drift of second floor 0.125 13.06 2.61 
Case 3: 0.5% drift of second floor 0.085 9.00 1.80 
Case 4: 0.25% drift of second floor 0.037 3.87 0.77 
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(a). Case – 1 (drift = 1%) 
HCLPF = 2.175g 

(b). Case – 2 (drift = 0.75%) 
HCLPF = 1.65g 
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(c). Case – 3 (drift = 0.5%) 

HCLPF = 1.125 g 
(d). Case – 2 (drift = 0.25%) 

HCLPF = 0.485 g 
 

FIG. 9. Fragility curve of the frame corresponding to limits on floor drift 
 
5. Concluding Remarks 
 
Deflection based method has been in use for the safety assessment of reinforced concrete structures of 
buildings in non-nuclear field for some time. This method is believed to be an efficient tool for 
examining safety significance of structures subjected to near field earthquakes in addition to that for 
far-field earthquake. 
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A formulation, using deflection based method, is outlined in the present paper to calculate the fragility 
curves of reinforced concrete structures when failure criteria is described in terms of deflection 
parameters of structure. The newly formulated deflection based method for fragility analysis is applied 
to determine the fragility curves of the example problem conveniently with the failure criteria is 
expressed as follows, 
 
• Roof deflection at collapse of structure 
• Limit on roof deflection expressed as a fraction of height of the building 
• Storey drift 
 
Further work is necessary to assign suitable value of different fragility parameters, i.e. (.)F ,β ( . ) U  and 
β ( . ) R  to be used in the proposed need.  
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APPENDIX 
 

CALCULATION OF TARGET DISPLACEMENT AS PER FEMA 273: 
 
FEMA 273 outlines a procedure for calculation of the expected maximum displacement (usually, roof 
displacement) during an earthquake. For this purpose, the spectral displacement corresponding to the 
effective period of the structure is multiplied by a series of coefficients, which accounts for non-linear 
behavior of the structure. The procedure could be briefly described as follows: 
 
1. Calculate the fundamental period (Ti) of the structure 
 
2. From the non-linear force displacement curve (Base shear vs. roof displacement), derive a bilinear 

form of force displacement curve. The intersection of the two linear segments is termed as the 
yield strength of the (Vy) of the structure. The bilinear segments should also satisfy the criterion 
that the first segment of the bilinear approximation should intersect the non-linear curve at a base 
shear of 0.6Vy. The initial slope of the bilinear curve is termed as effective lateral stiffness, Ke 
(Fig. A1). The effective period of the structure is  

e

i
ie K

K
TT =  

Ki : Elastic lateral stiffness of the building. 
 

3.  The target displacement ( tδ ) is given by 

g
T

SaCCCC e
t

2

3210 2





=

π
δ  

Where 
Sa is the spectral acceleration at period, Te, and the damping ratio of the building under 
consideration 
C0 is the modification factor to relate the spectral displacement and likely building roof 
displacement. 
C1 is the modification factor to relate expected maximum inelastic displacements to 
displacements calculated for linear response. 
C2 is the modification factor to represent the effect of hysterisis shape on the maximum 
displacement response. 
C3 is the modification factor to represent the increased displacements due to dynamic P-∆ 
effects. 

 
 

FIG. A1: Calculation of effective stiffness (From FEMA 273) 
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SEISMIC REEVALUATION OF EXISTING NUCLEAR POWER 
PLANT STRUCTURES 
 

 

 V. Beliaev 

 Research Center of Capital Construction, St. Petersburg, Russia 

 
Abstract. Nowadays Russia’s specialists perform a huge amount of works to revaluate the NPP safety. 
These works are certain to include refinement of NPP safety assessment under the effects of specific dynamic 
loads, earthquake effects included. It should be noted, that a number of Russian NPPs now in operation had been 
designed either with no account of these loads, or under the requirements which are underestimated as compared 
with the modern requirements on the external load composition and rate. Revaluation of NPP seismic safety is 
based on the results of the works taken under orderly sequence on assessment of (1) seismic input and ground 
effects; (2) structure response and state; (3) equipment and pipelines response and state.  
The paper considers the methods of NPP structures response and state assessment. Therewith we assume that 
ground motion predicted behavior at the construction basement has been preset for the SSE and OBE conditions 
and the effects of soil-structure interaction, including the situation of possible soft soil liquefaction. Necessity to 
determine both the reaction of a construction and its state as a whole as well as its elements reaction, to evaluate 
their bearing capacity and destruction zones formation makes it necessary to make up a detailed structural model, 
which is usually a finite-element one. Since seismic revaluation is to be performed for the existing structures, 
characteristics of which can substantially differ from the design ones, revealing the actual state of this structures 
becomes critical. If the real values of physical and mechanical properties of the structure materials, connections 
of elements etc. are used as initial data in a structural model this permits to increase the design assessment 
credibility and reliability substantially.  
 
1. Introduction  
 
Analysis of the results of seismic revaluation of existing NPP buildings and structures permits to state 
that standard designs, which are used in engineering practice, seem to be insufficient to evaluate 
expected damage degree of building supporting elements under the design basis earthquakes. More 
often than not it is required to design on the basis of real (or synthesized) records of ground motions 
and complicated 3D models of buildings to judge reasonably the possibilities of a required safety level 
provision. Furthermore the major factor of credibility of the design evaluation received is the quality 
and completeness of the data on examination of the existing buildings actual state, which are to be 
taken into account when designing. Thus, building foundation differential settlement causes 
considerable stresses in the walls, these stresses (even if the monolithic nature of masonry is preserved 
under the normal operation conditions) at earthquakes will result in considerable supporting element 
damages. Furthermore, the background seismicity and other impacts (transport vibrations, industrial 
explosions etc.) create a damage accumulation effect in supporting elements and change the real 
ability of buildings to resist a seismic input.  

 
2. Application of Tool Examinations to Evaluate the Real State of NPP Building 
Structures  
 
Nowadays the most commonly used nondestructive methods of determination of physical and 
mechanical characteristics of building materials and structures (mechanical ones: rebound, plastic 
deformation, chip, explosion, etc, ultrasonic characteristics) have substantial drawbacks: they require 
an access to the structure surface under testing and permit to determine the required material 
characteristics at shallow depths (usually up to several mm). The exception is provided by a through 
ultrasonic testing, but it could be performed only given the access to two building structure surfaces, 
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which is not always possible. When inspecting the building structures which are under operation these 
methods are frequently hindered or inefficient for the following reasons: 

- the structure surface may have coverings (for example, plaster or metal isolation) and their 
removal and further recovery involve huge expenditures;  

- the shallow layer characteristics of the material structure may differ substantially from the 
characteristics of the body of masonry as a result of carbonization, weathering, frost action, 
effect of high temperature or corrosive media etc;  

- the building could be a multilayer structure.  
 
To examine such structures we need special methods, enabling both to determine the characteristics of 
structural materials at great depths, furthermore, it is desirable to be on a large (several meters) base 
and without coverings removing, as well as to assess the conditions of connecting the structural 
components among themselves.  
 
We had developed a combined method of evaluating the mechanical characteristics of materials, 
which are used for various structural elements, and the nature of their fixing (types of connections), 
the method is based on vibrations and wave dynamics theory. The evaluation procedure consists of 
two parts:  

- the procedure of integrated evaluation of state and pattern of fixing the separate elements, 
structures or buildings as a whole on the basis of analysis of natural oscillation, induced by 
pulse shock load;  

- the procedure of determination of acoustic characteristics of structural material at the area 
under testing and on the basis of these results the procedure of determination of elastic 
characteristics (shear modulus and elastic modulus), as well as the strength of material using 
the correlation dependencies.  

 
Using this procedure permits to assess acoustic and elastic characteristics of materials of various 
elements of building structures or their separate sections.  
 
The procedures described above could be used independently or in combination. In case of their 
complex use the elastic characteristics and the material strength are assessed from the shallow waves, 
and the structural model is selected so that its design dynamic responses (frequencies and forms of 
resonant vibrations diagrams) most closely agree with the data which had been received 
experimentally for natural vibration. As an example of such a complex use of this procedures let’s 
consider some results of examination of brick building walls of machine hall of NPP.  

 
3. Methodical Bases of Seismic Reevaluation of Existing NPP Buildings and Structures  
 
Evaluation of the building state after design earthquake is carried out by method of direct dynamic 
load design with the use of real earthquakes records, analog or synthesized accelerogramms. In this 
condition the actual geology of foundation soils (according to the microseismic zoning data) and their 
capability to transform a seismic input are taken into account. We had developed a procedure in which 
soil mechanical behavior during the process of interaction with seismic waves is described on the basis 
of viscoelastic models (for the magnitude 6 as per the MSK-64 scale and below) and on the basis of 
elasto-plastic hysteretic models or visco-elasto-plastic models for the magnitudes more than 6. The 
validity of the procedure developed had been confirmed when solving the problem of verification of 
parameters of seismic inputs once they had passed through the foundation soils when designing 
buildings and structures of nuclear power engineering objects.  
 
When evaluating the same building design models with increasing degree of complexity and details 
are used in succession. The need for such approach stems from the numerous facts that there is no 
direct dependence of building damage degree (including the same-type buildings) at earthquakes on 
such parameters as number of stories, structural scheme, etc., therefore successive improvement of the 
design model will allow to reveal the influence of various factors on building behavior under seismic 
effects with due regard to damages. The principal condition of design evaluation is accounting for the 
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changes in model states during the earthquake effect under limiting states of separate elements or the 
building as a whole. In this condition it is necessary to consider the following possible changes of the 
model state:  
а) Building separation into large parts, this separation is marked by through cracks which pierce the 

entire building in vertical or horizontal directions (adjacent walls separation, building separation 
and displacement along its foundation, displacement of floor disks and building separation into 
parts within the stories, etc).  

 
It is evident, that building separation into large parts has a pronounced effect on its natural 
vibration frequencies. Hence, according to the in-situ measurement data the lateral-direction natural 
period values in brick buildings (being 0,2 s before Gazly earthquakes) had increased up to 0.4 s 
after these earthquakes.  
 
At present solving the problem of description of building separation into large parts during seismic 
input involves the problems related, mainly, to absence of limiting state criteria and proper design 
models. According to the above procedures in the first stage a building dynamic load design with 
the use of 3D finite-element model without regard for failures will be performed. Then the building 
zones in which internal forces (stresses or deformations) exceed the limiting values for the code on 
aseismic building are to be determined. The design model is supplemented with the elements, 
which work only up to a certain level load, following which they are eliminated and dynamic load 
design is performed once again. If new zones of possible failures arise the further model 
improvement is to be performed. For example, if in the first design stage we find the possibility of 
vertical cracking and end building wall separation from the spine walls because tensile stresses 
exceed their limiting values, then at the sites of their junction the elements are introduced, which 
are to be eliminated provided that:  

σΡ ≥ RH
P, 

 
where RH

P - standard tension resistance for the masonry.  
 

b) Changing the pattern of load perception by building supporting structures due to failure (if some 
components show a notable loss of bearing capacity) or changing the conditions of element 
junctions (horizontal cracking in upper and/or lower part of partition walls, diagonal cracking in the 
blind walls within a story etc).  

 
If such a mechanism of building failure is realized in its design model then either changing the 
element connection conditions (unilateral constraint forming, sliding friction, etc) is performed, or 
stress-strain modulus alters locally, or the elements which correspond the destroyed part of 
structure are eliminated from the design model. In all the conditions specified a change of building 
stiffness and natural vibration frequency takes place. Once a number of elements had been 
eliminated from the design model a calculation of the building changed state under static loads is to 
be performed and the criteria of limiting state are to be specified.  
 

c) Changing the masonry monolithic nature, which, as a rule, decreases the natural vibration 
frequencies of buildings, that is, their stiffness. These changes are related to numerous internal 
processes in the masonry under dynamic load input, which are associated with formation of tiny 
cracks and its continuity disturbance. It is to be noted, that masonry is a non-uniform elastic plastic 
body which consists of solution-filled stones and joints. It is obvious that in this case the choice of 
integrated parameter which accounts the entire set of factors will be a proper one. Numerous 
investigations use as such a parameter a stress-strain modulus of masonry, multiplied by 
degradation factor, dependent on the stressed-deformed state in building structures.  

 
Under compressing stresses in masonry (σΡ ≥ 0.3Rcm) the current stress-strain modulus is 
recommended to be determined as follows 

Е1 = α (Rcm – 0.91σ).  
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where (α - masonry elastic characteristic according to Russian norms and standards, Rcm - standard 
compression resistance of masonry.  

 
4. Conclusion 
 
At present the works on seismic recertifications of Russian NPP structures and buildings on the basis 
of the above procedure are in progress. The results received are used at NPP safety analysis based on 
the results of seismic revaluation of equipment and pipelines response and state.  
 
The paper analyzes the results of determining these initial assessments while inspecting several 
Russian NPPs on the basis of a “combined” method. This method is realized at two consecutive stages. 
The first stage is the procedure of integrated assessment of state and conditions of fixing the separate 
elements, structures or a construction as a whole. It is based on the results of analysis of natural 
oscillation, which are induced by the pulse load. The second stage is presented by the technique of 
determining the elastic characteristic and material strength as a result of analysis of shallow wave 
parameters, which are excited by the pulse shock load too. Comparison of the results of seismic 
structural analysis with the design and real characteristics of material and the state of connections in 
several cases illustrates a pronounced effect of wear on their reaction to a seismic input. It is precisely 
these data that are to be taken as the initial data for seismic revaluation of equipment and pipelines 
reaction and state.  
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CAVITATION DAMAGE IN SEISMIC BEARINGS OF EXISTING 
NUCLEAR FACILITIES 
 

 

 A. Dorfmann 
 Institute of Structural Engineering, Austria 
 

Presented by Error! Unknown document property name. 
Abstract.  Rubber isolation systems represent an effective method to isolate the superstructure from seismic 
ground accelerations.  In this study, a high-damping natural rubber bearing is subjected to characterization tests 
to determine corresponding stiffness parameters. The geometric layout of the bearing shows a number of 
inclined steel plates to obtain a transversely non-isotropic response. It is shown that during shear deformation a 
large negative hydrostatic stress state and irreversible stress softening attributed to cavitation damage develops 
in localized areas. The cavitation region is not visible from the outside and therefore not recognized or accounted 
for during experimentation. For a hydrostatic tension above a critical value an elastic instability develops with a 
sudden reduction in the value of the tensile bulk modulus of the material during loading and significant stress 
softening on unloading. As a result of the cavitation damage the tensile bulk modulus in the natural configuration 
is permanently reduced. Ultimately, failure of the material occurs at sufficiently large hydrostatic tension, 
typically when the negative pressure locally exceeds a critical value. Numerical simulation using a cavitation 
damage model based on a variable bulk modulus quantifies the amount of stiffness reduction attributed to 
internal rupture in the material.  

1. Introduction 

Multilayer base isolation systems are in general build with an isotropic layout to obtain equal shear 
stiffness along the two principal in-plane directions. However, sometimes it is convenient to design 
seismic bearings for a different response along the two principal in-plane directions. This is 
accomplished during the vulcanization process by arranging all steel reinforcing plates to have a 
specified angle with respect to the horizontal end-plates. The slope of the V-shaped plates is positive 
in the first part of the bearing and changes sign in the second part. In the longitudinal direction, the 
plates are still horizontal, see Figure (1). The geometric dimensions and the number of layers depend 
on the stiffness requirements of the application. The reinforcing plates constrain the elastomer from 
lateral expansion and provide therefore a very high vertical and bending stiffness, but do allow a 
flexible response in the horizontal directions. 

Rubber in seismic bearings is subjected to hydrostatic tensile stress when large shear deformations are 
applied and when reinforcing steel plates bend and/or rotate. This effect is amplified in bearings where 
inclined reinforcing steel plates are used to generate anisotropy in the in-plane response. Under simple 
shear deformation large positive and negative hydrostatic stress states are generated and must be 
properly accounted for in a numerical analysis. 

The response of rubber is often represented as isotropic and hyperelastic. Thus, the loading and 
unloading material response coincides by definition and energy dissipation is not accounted for. 
Furthermore, such characteristic behavior as the Mullins effect [1], strain rate dependency or different 
stiffness in static or dynamic response is not taken into consideration either. In spite of these 
shortcomings, the hyperelastic formulation is commonly used for the analysis of rubber components, 
see for example Ogden [2] and Crisfield [3].  

Material damage in natural rubber is a complex process, which may involve chain and multi-chain 
damage, microstructure damage and micro-void formation (cavitation). The purpose of this study is to 
focus on the loss of experimentally observed stiffness when rubber is subjected to hydrostatic tension 
stress above a critical value. In fact, a hydrostatic tensile state may be reached when internal 
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imperfections or cavities suddenly grow inside the rubber. Microscopic observations suggest that 
rubber-like solids always contain cavities with a wide range of sizes, which will tear open to form a 
running crack when the maximum extensibility of the rubber is reached. For full details on cavitation 
damage the reader is referred to, for example, Gent [4,5,6,7] and Dorfmann [8].  

 
Thickness of each rubber layer: 4 mm 
Thickness of each steel layer: 2 mm 
Number of Rubber Layers: 10 
Skew Angle: 5º 

 

FIG. 1. Geometric Layout of Seismic Elastomeric Bearings 

2. Material Compressibility 

Because of the high ratio of bulk to shear modulus, rubber can often be regarded as an incompressible 
material. Numerical results using fully incompressible material models show good accuracy for 
applications involving plane stress states like in shell structures or membranes (e.g. inflated balloon), 
however it can be problematic when the material is highly constrained like in a plane strain condition. 
In the latter, the assumption of strictly incompressibility must be relaxed by decoupling the stored 
strain energy into a dilatational and volume-preserving part, (e.g. Dorfmann [9], Liu [10], Van den 
Bogert et al. [11]). 

The condition of highly constraint rubber can be found in multi-layer elastomeric bearings where the 
pressure volume relation of the material must be accounted for to obtain realistic results. In Figure 2 
the cross-section of a single rubber layer under plane strain condition and vulcanized to top and 
bottom steel plates is shown. The deformed shapes and the corresponding stress-states on the free 
edges and in the center region are indicated schematically for compressive and tensile loading. Toward 
the center the material is confined in all three directions and a positive or negative hydrostatic stress 
state develops. In compression the rubber can easily withstand high pressure without damage. On the 
other hand, in hydrostatic tension internal cracking nucleated by precursors is shown analytically to 
expand to an indefinitely large size under a hydrostatic stress of approximately 5G/2, where G is the 
shear modulus of rubber. For full details the reader is referred to, for example Gent [7] and Dorfmann 
[8]. Crack initiation is not visible from the outside; it can be detected only by a drop in load-extension 
data and in some cases by audible cracking sounds, [12]. 

 

TensionCompression

 
 

FIG. 2. Deformed shapes of a single rubber layer. 

3. Cavitation tests using dissolved gases 

In a method suggested by Gent and Tompkins [5] soluble gas under high pressure was applied to 
rubber blocks so as to fill the internal microscopic voids. It was found that upon a sudden release of 
the gas pressure, the cavities within the rubber expanded. Because of the assumed incompressibility of 
the material, a pressure applied to the interior of the cavities has the same dilating effect as the 
application of an equivalent far field triaxial stress field. Gent and Tompkins were able to establish the 
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existence of a critical pressure pcrit for the internal gas that is sufficient to cause submicroscopic voids 
to expand, this value depending upon the initial size. They showed that the value of pcrit is extremely 
large for small voids, having radii in the order of 1-10 Ǻ, but that it approaches the lower limit of 5G/2 
for cavities with initial radius of the order of 10-7m. In other words, the minimum supersaturation 
pressure of a dissolved gas required to form visible bubbles is 5G/2. These openings will be filled 
when gas is dissolved in the rubber. When the external pressure is then suddenly released, the internal 
gas pressure will inflate the bubbles. The kinetics of expansion is complicated by, among other factors, 
the surface energy of rubber, the diffusion coefficient, the solubility of gas in rubber and the material 
properties. As the bubbles expand in volume, the inside pressure reduces and diffusion into the cavity 
will eventually occur, thereby providing a means of relieving the supersaturation pressure in the 
specimen. In laboratory applications, the voids do not expand indefinitely because of the limited 
supply of gas in the rubber specimen and because of diffusion of the gas outward through the sides of 
the rubber block. 

Trial end error experimental analysis provided upper and lower bounds on the supersaturation pressure 
that initiates bubble formation. The necessary minimum cavitation pressure was determined by an 
experimental arrangement that created a linear pressure gradient through a rubber specimen. On two 
opposite sides of the rubber sample different gas pressures were applied for a sufficient period of time 
to attain pressure equilibrium. After the sudden release of the pressure on both sides, bubbles started to 
form on one side of the specimen only. The pressure in the transient region was determined based on a 
linear variation between the two applied end values and the minimum pressure value pcrit was 
determined as approximately 5G/2. 

To validate the critical conditions for bubble formation different pressures were applied to compounds 
characterized by different values of G. The lowest gas pressure for bubble formation was in good 
agreement with the 5G/2 value found previously. For many compounds, however, no bubbles 
appeared even at substantially higher pressures. This might be explained by the absence of initial 
cavities of 10-7m or larger.  Similar findings were reported in later studies performed by Gent and 
Wang [6] and Cho and Gent [13].  

4. Shear tests on seismic bearings 

In this paper test results for bearings with a skew angle of 5º are summarized. The bearings have 200 
mm x 200 mm external cross sectional dimension, while the internal steel shims are 195 mm x 195 
mm with a thickness of 2 mm each. Each rubber layer constrained by two steel plates, has a thickness 
of 4 mm, see Figure 1. 

Shear tests are carried out on a pair of identical bearings as shown in Figure 3. Thus, recorded readings 
in this section are for two bearings. Compressive loads are equal in both bearings, while shear loads 
are half the actual value shown. Initially, static compression and shear tests are performed to 
characterize each bearing for a design compression load of 6 MPa and a design shear displacement of 
100% shear strain. Subsequently, bearings are subjected to increasing shear displacements up to 
complete failure. These tests determine the factor of safety and the strain and mode of failure. During 
shear tests the vertical compression stress is maintained at a constant value of 6 MPa. 

Results of the experimental characterization are shown in Figures 4. For shear strains up to 100% three 
in-plane displacement cycles with a maximum magnitude equal to ±2 mm, ±4 mm, ±8 mm, ±20 mm 
and ±40 mm were performed. For larger strain values, loading and unloading cycles with a 
displacement magnitude of 40 mm, 60 mm, 80 mm and 100 mm were used. As expected, bearings 
with a high skew angle do substantially increase the stiffness in the transverse direction (direction of 
the V-shaped laminae) for up to about 40 mm displacements corresponding to 100% shear strain, see 
Dorfmann and Burtscher [14]. For shear strains above 100% additional factors need to be considered, 
such as bending deformation in the steel plates and cavitation damage in rubber.  
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FIG 3. Initial setup and shear induced failure on anisotropic bearing design.  

5. Cavitation damage model 

For full details of the relevant theory of elasticity summarized in this section we refer to, for example 
Ogden [15].  
 
We consider first a multiplicative decomposition of the deformation gradient F into a volume-
changing (dilatational) and a volume-preserving (isochoric) part in the form 

FF)IF 3/13/1( JJ ==  (1)

following Flory [16] and Ogden [2,15] The modified deformation tensor F  describes the volume-
preserving part of the deformation, while the dilatational part is given in terms of the determinant J = 
det F. It follows from equation (1) that 

det F = 1. (2)

We denote by ,iλ  I = 1, 2, 3, the principal stretches of the deformation and the modified principal 

stretches  ,iλ  I = 1, 2, 3 are defined by 

.3/1
ii J λλ −=  (3)

It follows that 

321 λλλ  = 1. (4)

Here, we consider the material to be isotropic and elastic, so that the strain-energy function is a 
symmetric function, W ( )321 ,, λλλ  say, of the principal stretches. 

In order to separate the dependence of W into the isochoric and dilatational parts of the deformations, 
we regard it as a function of 321 ,, λλλ  and J subject to (4), and we write 

),,(),,,( 3/1
3

3/1
2

3/1
1321 JJJWJW λλλλλλ = , (5)

which defines the notation W . The principal Cauchy stresses iσ  are then given by 

pWJ
i

ii −
∂
∂=

λ
λσ , (6)

where p is defined by 

121



 

∑
= ∂

∂−
∂
∂=

3

13
1

j j
j

J
WJWp

λ
λ . (7)

The hydrostatic part of the stress is given simply by 

J
W

∂
∂=++ )(

3
1

321 σσσ  (8)

For the special case in which W is decoupled into dilatational and volume-preserving parts we write 

),,()(),,,(),,( 321isovol321321 λλλλλλλλλ WJWJWW +== , (9)

where )(vol JW and ),,( 321iso λλλW  respectively are the volumetric and volume-preserving parts of 
the energy. 

Over the last 30 years extensive research has been conducted into the development of constitutive laws 
for both incompressible and compressible elastic materials, but to the best of the authors’ knowledge 
there is no formulation currently available in the literature that accounts for the nonlinear tension-
volume response due to cavitation damage. This may be due to the assumption of incompressibility 
frequently used for the analysis of rubber. However, experimental evidence discussed by Dorfmann et 
al. [8] indicates clearly that incompressibility is not appropriate, and, when the material is subject to 
hydrostatic tensions beyond a critical value, neither is a linear tension-volume response. 

We propose first to derive an expression for the volumetric part Wvol of the strain energy, the first 
derivative of which gives the hydrostatic pressure in accordance with equation (8). The second 
derivative is the bulk modulus. For an increase in volume (J > 1) it is important that the strain energy 
function takes into account the growth of microcavities and fracture of weak junctions in polymer 
chains. 

The choice of the function )(vol JW  is arbitrary, subject to the usual requirements that it has an 
absolute minimum at J = 1 and that its first derivative gives the hydrostatic tension-volume response.  
To describe the pressure-volume relation during the initial loading process, we propose to use the 
tangent hyperbolic function with two material parameters m and κ such that the dilatational strain 
energy can be expressed as 

,)1(1tanh)(
1

vol dJJ
m

mJW
J

∫ 



 −= κ  (10)

where κ is the bulk modulus for the material in the natural configuration before any damage occurs. 
The pressure-volume relation is then given by 





 −= )1(1tanh)( J
m

mJp κ . (11)

The parameter m provides enough flexibility to enable the bulk modulus to be changed gradually from 
its initial value κ to essentially zero. 

6. Numerical characterization of seismic bearings 

The numerical determination of the shear stiffness and the pressure distribution of the bearing shown 
in Figure 1 is attempted. The deviatoric strain energy contribution Wiso is given by the Ogden energy 
formulation in principal stretches [2], while for the dilatational contribution to the strain energy the 
above described cavitation damage model is suggested. Thus the complete strain energy formulation 
for hyperelastic materials is now given by 

( ) dJJ
m

mW
J

i i

i iii ∫∑ 



 −+−++=

= 1

3

1
3212 )1(1tanh3

2 κλλλ
α
µ ααα

 (12)
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Results of the numerical model are compared to the experimental data in Figures 4. The accuracy of 
the numerical results show clearly that it is important to include stress softening attributed to 
cavitation damage in the numerical characterization of elastomeric bearings.  It is shown that the 
solution with no cavitation damage is to stiff and does not reproduce experimental data. 

Finally, in Figures 5 the pressure contour plot of the elastomeric bearing subjected to 250% shear 
strain is shown. For clarity, the steel reinforcing plates are removed. It is interesting to note how much 
the cavitation damage propagates in the bearing and the high compressive stress concentration 
required to maintain equilibrium with the applied external load. For small shear deformation, 
cavitation does occur in the corner regions only, however it does propagate rapidly upon load increase.  

 

 
FIG. 4. Numerical and experimental load-displacement response for bearings with inclined steel plates 

(Skew angle of 5º, (T=10x4, α=5°)) 
    

PRESS VALUE
-3.70E+00
+1.16E+00
+6.01E+00
+1.09E+01
+1.57E+01
+2.06E+01
+2.54E+01
+3.03E+01
+3.51E+01
+4.00E+01
+4.49E+01
+4.97E+01
+5.46E+01
+5.94E+01  
FIG. 5. Pressure distribution for inclined bearing design. (T=10x4, α=5°). Blue areas indicated 

propagated cavitation damaged. 

7. Conclusions 

Base isolation systems using laminated elastomeric bearings to change the dynamic properties of 
structures by uncoupling superstructure and substructure. Traditionally, alternating horizontal layers of 
rubber and steel plates are used in assembling bearings in order to allow for the structural response to 
be equal along the horizontal directions. In this study a new geometric layout is suggested, which is 
capable to reduce excessive transversal displacements using inclined steel plates and to improve 
damping properties of the isolation system. 
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Experimental results by Gent [4, 5] and Dorfmann [8] show that large hydrostatic tensile stresses 
induce irreversible stress softening attributed to cavitation damage in the material. There is a 
permanent reduction in the (hydrostatic) tensile stiffness due to increased damage. To account for this 
occurrence, a softening model is proposed to describe a variable bulk modulus depending upon the 
amount of damage.  Specifically, we have focused on the dilatational part of the strain-energy function 
of an elastic material, which reflects the overall hydrostatic pressure-volume response. The model is 
used to describe the dilatational term in a strain energy formulation and therefore the occurrence of 
material softening in seismic bearings when the reinforcing steel plates bend and/or rotate. The 
theoretical model provides a good characterization of the experimental results shown. 

REFERENCES 

[1] MULLINS L. Effect of stretching on the properties of  rubber. J. Rubber Research 16  
(1947) 275. 

[2] OGDEN R.W. Large Deformation Isotropic Elasticity: On the Correlation of Theory and 
Experiments for Incompressible Rubberlike solids. R. Soc. of Lond. A 328 (1972) 567. 

[3] CRISFIELD M.A. Nonlinear Finite Element Analysis of Solids and Structures. John Wiley 
& Sons Ltd., UK, (1997). 

[4] GENT A.N., LINDLEY P.B. Internal Rupture of Bonded Rubber Cylinders in Tension. 
Proc. R. Soc. A249  (1958) 195. 

[5] GENT A.N., TOMPKINS D.A. Nucleation and Growth of gas Bubbles in Elastomers. 
Journal of Applied Physics 40  (1969) Nr. 6. 

[6] GENT A.N., WANG C. Fracture Mechanics and Cavitation in Rubber like Solids. J. Mat. 
Sci. 26 (1990)  3392. 

[7] GENT A.N. Cavitation in Rubber: A Cautionary Tale. Rubber Chem. Technol. 63, (1990) 
43. 

[8] DORFMANN A., FULLER K.N.G., OGDEN R.W. Shear, compressive and dilatational 
response of rubberlike solids subject to cavitation damage. Int. J. of Solids Struct. 39 
(2002) 1845. 

[9] DORFMANN, A. and BURTSCHER, S. L. Aspects of cavitation damage in seismic 
bearings. J. Struct. Eng., ASCE   126 (2000) 573. 

[10] LIU C., Traction of Automobile Tires on Snow, an Investigation by Means of the Finite 
Element Method. Ph.D. Thesis at Institute of Strength of Materials, Technical University 
of Vienna, (1994). 

[11] VAN DEN BOGERT P.A.J., DE BORST R., LUITEN G.T., ZEILMAKER J. Robust 
Finite Elements for 3D-Analysis of Rubber-Like Materials. Engineering Computations 8 
(1991) 3. 

[12] POND T.J. Cavitation in Bonded Natural Rubber Cylinders Repeatedly Loaded in Tension. 
Journal of Natural Rubber Research 10  (1995) 14. 

[13] CHO, K. and  GENT, A. N. Cavitation in model elastomeric components. J. Mater. Sci. 23 
(1988)  141. 

[14] DORFMANN A., BURTSCHER S. Highly Adaptable Rubber Isolating System, Final 
Technical Report. European Community, Contract #BRPR-CT95-0072, Project #Be-1258, 
(1999). 

[15] OGDEN, R.W. Non-linear Elastic Deformations. New York: Dover 1997. 
[16] FLORY R.W. Thermodynamic Relations for High Elastic Materials. Trans. Faraday. Soc. 

57 (1961) 829. 
 

124



IAEA-CN-106/13P 

SEISMIC STABILITY ESTIMATION OF DESIGNED NPP CIVIL 
STRUCTURES 
 

 

 L. Gerashchenko 

 Energoproject, Ukraine 

 
1. (Introduction) Preface 
 
In all times people aspired to prevent destruction of structures at earthquakes. The significant progress in 
this area is achieved for last decades in connection with construction of such especially responsible (very 
important) industrial objects as nuclear power plants (NPP). 
The problem of providing of seismic resistance of such objects includes various aspects: selection of 
construction site location; detailed determination of its geological conditions; specifying of the input 
seismic data; providing of seismic resistance of structures due to an adequate selection of their 
configuration and construction diagrams, sufficient accuracy of seismic and other calculations, appropriate 
quality of materials and civil work; providing of seismic resistance of technological and other equipment 
etc. 
 
In the offered report from all variety of the named problems the main attention is given to seismic 
calculations of structures. 
 
Such calculations concern to area of dynamics of mechanical systems, but differ from calculations on 
other mechanical loads by basic impossibility of the exact specifying of perturbation action, as the seismic 
movement of a ground is a stochastic process, which concrete realization depends on many difficulty 
taken into account factors. Therefore the specific methods of the specifying of action and determination of 
sympathetic reaction of systems based on probabilistic reasons are used in seismic calculations. 
 
The seismic calculation of structure can be conditionally divided into four subproblems: 
1)   specifying of input data, including seismic; 
2)   determination of inertial seismic loads or caused by them displacements of structure; 
3)  computation of internal forces in structure, its supports, basis of a building etc. at a combination of 

seismic and other loads; 
4)  estimation of seismic resistance (strength, serviceability and etc.) of structure.  
 
Seismic design and calculations are based on achievements of many scientific disciplines: geophysics and 
engineering seismology, soil mechanics, mathematics, structural mechanics, dynamics of structures, 
hydrodynamics etc. 
 
The practical seismic calculations today are deterministic (nonprobabilistic) by form, though their 
methods are based on probabilistic preconditions. 
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2. Earthquakes and Associated Events (Site selection (choice)) 
 
The earthquakes occur as a result of fast liberation in depth of the Earth of a plenty of energy resulting to 
seismic-waves propagation in the earth's crust, which are became as seismic motion of soil. The most 
destructive earthquakes felt in the large territories, occur because of tectonic displacements of blocks of 
earth's crust on breaks. The seismic vibrations can also have an other reasons: explosions, mountain 
impacts in underground workings, volcanic activity, movement of transport etc. 
 
The vibrations of ground cause inertial seismic loads on structures. However earthquake can be 
accompanied with a  lot of by-effects, which also are necessary for considering (first of all at site selection 
for NPP construction), as the protection against them can require significant additional expenses. 
 
So, at strong earthquakes the movement along deep tectonic breaks can result to break of soil mass, 
reaching a surface. As a result the crack is formed, which "faces" are reciprocally displaced horizontally 
and vertically. Because to provide integrity of structure, under which the similar crack has passed, 
practically is impossible, it is impossible to build responsible (very important) objects, such as NPP 
directly above seismically active tectonic breaks. 
 
There are a lot of the dangers, connected to earthquakes, expressing as a loss of bearing ability and 
settlements of the base, instability of slopes etc. 
 
So, the passage of seismic waves can result to running of saturated cohesionless soils. This event is 
explained by contact losses between particles of firm skeleton of ground because of increase of pressure in 
interstitial water, consequently ground loses the bearing ability or even spreads as heavy liquid. It is 
especially dangerous for nuclear plants, because the rather rigid restrictions on conditions of reactor 
serviceability are imposed on possible turn of structure. For prevention of running potentially dangerous 
soils shall be compacted, drained, loaded etc. 
 
Not only soil running directly under structures is dangerous, but also running of close located 
aggradational territories, dams, storehouses etc. 
 
Under adverse geological conditions, and also as a result of man activity the soil settlements and even 
formation of holes are possible as not connected with earthquake, and as invited by it. Such danger is 
exist, if under ground there are karstic caverns, washed away hydrochloric deposits, inclined rock 
stratification (especially water-saturated), tunnels, mines, the extraction of plenties of minerals (for 
example by wash-out method), spooling of near-surface waters etc. are made. 
 
The earthquake can be accompanied by failure of slopes, mountain landslides, snow avalanching, 
formation of mudflows (heavy mud flows along mountain gorges). 
 
At NPP design it is necessary also to take into account danger of destruction by earthquake of other 
structures and industrial enterprises located nearby. So, if plant is erected on a coast of the river, it is 
necessary to analyse an opportunity of break of dams above and below with stream: in the first case it is 
fraught with NPP flood, and in second - loss by it of water supply, that is inadmissible from the point of 
view of reactor safe work. If chemical enterprises, storage of liquid fuel, explosive substances, oil - and 
gas pipelines etc. located nearby will be destroyed, it is fraught with toxic wastes emissions, explosions, 
fires and other events dangerous to safety of plant. If necessary to build NPP here the reconstruction of 
such enterprises can be required with the purpose of increase of their seismic resistance. 
 
Though from all higher named adverse factors, except surface breaks of the base, basically it is possible to 
be protected by means of the appropriate engineering measures, that essentially will raise cost of 
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construction and operation of object, to decide on that whether to organise such protection, or it is better to 
transfer a construction site, it is necessary on the basis of technical and economic comparison of variants. 
 
2.1. Seismic Scales 
 
In our country the scale МSK - 64 is assumed (scale of seismic intensity, measured by intensity I).  Scale 
contains two parts: macroseismic (descriptive) and instrumental. First establishes intensity of earthquake 
on the basis of subjective estimations, second - quantitative characteristics of seismic movements of the 
ground received by instrumental records. 
 
The descriptive part of scale allows predicting intensity of earthquakes in the given region proceeding 
from historical data about the past earthquakes, when instrumental records did not exist yet. The intensity 
is estimated by external earthquake (macroseismic data) events: influence on the people, on structures, and 
also by events on ground surface. According to scale MSK - 64 earthquakes are subdivided on intensity 
into 12 numbers (I = 1 - registered only by special devices, I = 12 - accident of planetary scale). 
 
There are seismic zoning plans, on which the areas with identical expected intensity of earthquakes are 
put. For territory of the former USSR such plan is given in building codes (СНиП II-7-81 *). It is 
necessary, however, to take into account, that the similar plans give average ("background") values of 
intensities, while the destructive consequences of earthquakes strongly depend on features of a geological 
structure and earth conditions of a concrete construction site. Therefore at site selection for NPP the 
extensive geological and seismological investigations  (" micro seismic zoning") will be carried out with 
the purpose of determination of real seismic danger. The requirements to volume and methods of such 
investigations are formulated in СНиП II-7-81*. 
 
2.2. Quantitative characteristics of Ground Seismic Motion 
 
For design it is required to have not only description of possible consequences of earthquake, but also 
quantitative characteristics of expected seismic vibrations of ground. 
 
It is necessary to take into account, that these characteristics are accidental (nonprobabilistic) and their 
scattering is rather great. In other words, between macro seismic and instrumental characteristics of 
earthquake there is no rigid conformity. Therefore, though the seismic calculations usually have 
deterministic (i.e. nonprobabilistic) form, actually input data used in them are set on nonprobabilistic 
basis. 
 
Defined values of maximum ("peak") values of ground motion correspond to each intensity (number) of 
seismic scale: displacement Dmax, velocity Vmax and acceleration Аmax. Usually peak acceleration represents 
greatest interest, because inertial seismic forces acting on structure are proportional to it. 
 
According to scale MSK-64 increase of intensity on one number means doubling of acceleration (this law 
it is not recommended to extrapolate for intensity above than 9 numbers, as while there are no enough real 
records of such strong earthquakes). 
 
It is necessary to take into account the following two circumstances (conditions). First, in some specific 
cases the discrepancy between macro seismic and instrumental data can be found highly substantial. For 
example, at one of earthquakes acceleration of a ground is reached 418 cm/с2, but the damages of 
structures were moderate (little). And on the contrary, the cases of strong destructions are known at rather 
small acceleration. 
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Secondly, for the adequate description of seismic disturbance it is not enough to set only peak 
accelerations. As the earthquake is a dynamic process, and the reaction of structure depends not only on 
value of acceleration, but also from other factors: frequency composition of disturbance, losses of energy 
and etc. 
 
As the seismic motions of ground are spatial, the laws of their vibrations are set by three components: by 
two orthogonal horizontal and one vertical. 
 
3. Seismic Input for Nuclear Power Plants Design 
 
3.1. Preliminary Remarks 
 
At NPP design the problem of seismic input is extremely important, as reliability of seismic calculations 
substantially depends on completeness and correctness of these data. Organisation of such data is a 
difficult problem of engineering seismology. In view of the extremely high NPP importance, volume of 
investigations, carried out for them, and the amount of the given out seismological information are 
significant more, than for usual industrial and civil structures. 
 
As the input data for design both design response spectrums and design ground vibration lows should be 
given (as a rule accelerograms). 
 
3.2. Safe Shutdown and Operational Basis Earthquakes 
 
Earthquakes of various intensity, right up to some maximum level can happen in each geographical 
position. However as stronger earthquake, as less often it can be realized, i.e. as shorter interval of time, as 
probability of strong earthquake is less. 
 
Feature of NPP seismic resistance (stability) design in comparison with other objects is that for them two 
levels of seismic load called in our country by design earthquake (ПЗ) and the maximum design 
earthquake (МРЗ) are taken into account. First of them represents the strongest earthquake, which really 
can take place for term of NPP operation; second – the strongest earthquake, which is potentially possible 
on the given site in general. In recommendations of IAEI ПЗ is designated as SL1, and МРЗ as SL2. The 
American designations are widely applied also in the world: for ПЗ - OBE (Operating Basis Earthquake - 
basic working earthquake), for МРЗ - SSE (Safe Shutdown Earthquake - earthquake of a safe stop). 
 
Intensity ПЗ and МРЗ are established on the basis of the historical items of information on the past 
earthquakes, and also (first of all МРЗ) with the help of geophysical investigations. There are two basic 
approaches in determination of these intensities (ПН АЭ Г-5-006-87). First (used in Ukraine and number 
of other countries) - probabilistic: as ПЗ the earthquake with an interval of reiteration 1 time per 100 
years, and as МРЗ - 1 time per 10000 years is assumed. The second approach - deterministic: to establish 
an arrangement of active breaks of the earth's crust (i.e. such, along which can be displacements of its 
blocks resulting to earthquakes, and on which the centres of last are situated) and to determine intensity of 
possible earthquakes proceeding from assumptions, that their centres are situated in nearest to NPP points 
of these breaks. 
 
It is necessary to note, that according to the IAEA Recommendations, for every new designed NPP the 
peak acceleration of ground at МРЗ should be assumed not less than 0,1g. By another words there are no 
unseismic sites for NPP. The smaller values of acceleration, established on the basis of seismological 
investigations of NPP site are sometimes used at seismic resistance control of already constructed plants. 
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3.3. Peak Ground Acceleration 
 
Peak values of ground acceleration Amax to be determined taking into account seismic-geological 
conditions of NPP construction site. Basically these values should be set separately for ПЗ and МРЗ, 
however frequently they are nominated for one of these levels of seismicity, and for another recalculate by 
scaling. At preliminary stages of the design  Amax  for МРЗ often is defined twice as much, than for ПЗ. 
 
If ПЗ is considered as threshold intensity for an automatic shutdown of NPP, in this case the value of Amax 
can be assumed as any at the discretion of the designer (but in USA - not less than 0.3, and in Germany - 
0.4 from МРЗ acceleration). As less value of this acceleration is accepted, as there are less expenses on 
NPP seismic resistance providing at such earthquake, but as more probability of its realisation and 
economic losses connected with plant shutdown (cost of not produced energy, losses of the consumers, 
amortisation of the equipment, expense for auditing etc.). Therefore ПЗ acceleration is defined on the 
basis of the economic analysis. 
 
4. General Principles of Nuclear Power Plants Seismic Design 
 
4.1. Preliminary Remarks 
 
The approach to NPP seismic design differs by essential specificity in comparison with other objects. It is 
caused by two circumstances (conditions). 
 
First, conception  "seismic resistance (stability)" itself has for NPP wider meaning, than for usual 
industrial and civil buildings and structures. If for last it means, first of all, absence of inadmissible 
damages of building structures, for NPP seismic resistance (stability) it means preservation of nuclear and 
radiation safety. It is obvious, that this requirement is stricter, because it means preservation not only of 
integrity of building structures, but also serviceability of the equipment responsible (important) for safety. 
Secondly, NPPs are objects of the extremely high social responsibility, to which safety especially strict 
requirements are presented. Therefore at their design it is necessary to take into account an opportunity of 
realization of much more infrequent (so also stronger) earthquakes, than for usual structures. 
 
At the same time principles of NPP seismic design should be such, that, certainly, guaranteeing safety to 
allow as far as it is possible to avoid the unjustified increase of expenses. The principles accepted in our 
country are stated in ПН АЭ Г-5-006-87. They as a whole correspond to world experience of NPP design 
and recommendations of the IAEA. 
 
4.2. Seismic Categorization of Nuclear Power Plant Items 
 
As was told above, the radiation and nuclear safety of nuclear plant should be provided at earthquake. 
However not all its elements are equally important for this purpose, and is inexpedient to present to them 
equally high requirements on seismic resistance (stability). Therefore NPP elements (building structures, 
systems and equipment) are divided into seismic categories, for which the different intensity of seismic 
load is assumed, and to which the unequal requirements are presented. 
 
Usually, depending on the responsibility of elements from the point of view of safety and (sometimes) 
from economic reasons three seismic categories are entered. 
 
The basic criterion of inclusion of NPP element in this or that category is the radiation dose (dose load), 
which in case of failure the personnel of plant and population can receive. The limit values of dose loads 
are established by sanitary rules of NPP design, both for conditions of plant normal operation, and at the 
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maximum design basis accident. In the latter case doses are allowed a little bit increased, but, 
nevertheless, safe for health. 
 
Classification of NPP elements to seismic categories and requirements to them are submitted in ПН АЭ Г-
5-006-87. 
 
According to the mentioned domestic codes, the most important elements are included in I category, 
which failure can result to intensive irradiation of the people. The less responsible (important) elements 
which failure can result to moderate radioactive release enter into II category. All other NPP elements 
make III category. 
 
If the requirement is put forward, that after earthquake of defined intensity NPP continued to give out 
production (electric power, warm etc.), that is explained both economic reasons, and necessity to keep in 
the area which has undergone to earthquake, a source of power supply. In this case NPP elements, 
required for it, are also included in II category. 
 
As an example we shall present dividing of elements of NPP with water-moderated reactor to seismic 
categories. 
 
The systems of normal operation, such as itself nuclear steam generating plant, radioactive waste store, 
store of used and fresh fuel etc refer to I category. Besides that here included safety systems subdivided on 
four groups: 
a) protective systems which are carrying out a reactor shutdown in case of the maximum design 

accident (МПА), under which break of pipeline of first contour usually is understood, and which are 
also necessary for control of NPP safety in shutdown condition; 

b) localizing systems designed for prevention of propagation of radioactive products in a case МПА; 
c) ensuring systems supplying protective systems by energy and workspace: system of reliable water 

supply of the crucial consumers (for example, pump station); system of no-break power supply 
(diesel generator room); the communications between them and reactor hall etc. 

d) control systems (electrical, control and measuring etc.) 
 
Constructions and building structures, inside which the named systems are located, naturally, also refer to 
I category. Containment shell (being a part of localizing systems), inside which the radioactive products 
should be kept after МПА takes special place among them. 
 
Those NPP elements, which are first of all connected to the low radioactivity (for example, special 
laundry, laboratory etc.), refer to II category. However, if the requirement of power supply after 
earthquake is put forward, the given category should include all elements of plant, necessary for that 
(practically all its other part). 
 
III category is included all other elements and structures of plant (office buildings, workshops etc.). 
 
The components of the same system can be referred to different seismic categories, but at the same time 
the special devices for separation of these its parts (shut-off, control fittings etc.) should be provided. 
Splitter itself refers to a higher category. 
 
On the other hand, if the failure of elements of the lowest category can result to failure of elements of a 
higher category, then category must be raised. For example, under reactor hall shell above reactor service 
level the polar crane usually is situated, with which help some operations of an overload of fuel, and also 
if necessary, disassembly of the main equipment is made. Itself it is not important for safety, however, in 
case of its collapse the nuclear steam-generating  plant (unit) will be damaged. Therefore it is referred to I 
seismic category.  
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4.3. Seismic Categories Requirements 
 
Thus, the nuclear power plants are designed on the base of two design seismic levels - weaker design 
earthquake (ПЗ), having the high probability of realization during NPP life time, and maximum design 
earthquake (МРЗ) with intensity, limiting possible for the given construction site. 
 
The meaning of breakdown of NPP elements to categories is that requirements to seismic resistance 
(stability)  (ПН АЭГ-5-006-87) are differentiated depending on their responsibility. 
 
In conformity with ПН АЭГ-5-006-87, elements of I category during and after ПЗ should keep complete 
serviceability; at МРЗ there should not be a failure of elements necessary for providing of NPP safety, i.e. 
for its safe shutdown and maintenance in shutdown condition. 
 
Elements of II category should keep serviceability at any earthquake down to ПЗ, at which according to 
codes, NPP should be automatically stopped. There are no any requirements to them at МРЗ, i.e. they can 
be destroyed.  
 
The value of acceleration ПЗ is threshold value for signal injection for shutdown, which during NPP 
design gets out arbitrary. At the same time if the acceleration ПЗ does not exceed 0,3 from МРЗ, it is not 
necessary to carry out any seismic control of structures and equipment. However the lower ПЗ level is 
assumed, the more probability of its realisation and following economic losses, because of NPP shutdown 
(shutdown of power generation, expenditure for auditing and examination etc.). Therefore more high level 
of acceleration can be accepted for ПЗ, but then it is necessary to prove NPP seismic resistance (stability) 
by calculations or experimentally. 
 
Seismic requirements to III category are the same as to non-nuclear objects, i.e. they are designed 
according to general building codes  (СНиП II-7-81 *). In particular, at ПЗ intensity less than 7 numbers 
earthquake action on structures is not taken into account. According to the same codes seismic resistance 
of the equipment is not checked at any intensity. 
 
4.4. Seismic Analysis of Building Structures 
 
One-step and Multistep Analysis 
 
The strength of building structures basically could be calculated directly, in one step, by setting as 
indignation of initial seismic action (load) for ground. For this purpose building and its basis (foundation) 
would be schematized by method of final elements and analysed on their integration vibrations. However, 
practically such analysis is realizible only for the simplest structures. 
 
Really, let it is necessary to determine internal forces in a rectangular area of floor for NPP building. It is 
necessary to have 8-10 points (final elements) in each of orthogonal directions, i.e. total 64-100 elements 
only for one floor to draw force diagram sufficiently accurately. It is obvious, that, taking into account 
great structural complexity of NPP buildings, the general design model for all building will have the rather 
high order. 
 
From the point of view of the designer the one-step analysis, besides complexity, is inconvenient still by 
the following. During building design dimensions of building structures, design loads etc. can be a little 
bit variable, and even if these changes are local and do not effect on the seismic response of building as a 
whole, at one-step approach it was necessary to count in a new all building. 
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For these reasons seismic resistance (stability) of building structures in most cases shall be analysed in 
some steps. At first forced oscillation of building by simplified ("rough") design model are calculated and 
ПА and ПС are determined. Then, using them as seismic disturbance, it is necessary to carry out analysis 
of subsystems, including fragments of building structures (walls, columns, areas of floors etc.). Inertial 
seismic loads, received at such analysis, depend on proper frequency of subsystem. If all of them are 
higher than f унп of floor spectra, the subsystem can be considered as a solid. 
. 
5. Seismic Analysis of Nuclear Power Plant Building Structures 
 
At design of seismic resistant (stable) nuclear objects as a whole the methods same, as for usual structures, 
are used but, taking into account the very high responsibility of object, it is necessary to raise design 
seismic loads. The degree of this increase depends on seismic category of the given NPP structure or 
element. Besides that the NPP design is carried out proceeding from two levels of seismicity -ПЗ and 
МРЗ. In domestic codes for NPP seismic design (ПН АЭ Г -5-006-87) these differences from usual 
objects are realized as follows. 
 
5.1. Seismic Inertial Forces Calculation 
 
Seismic inertial loads on building structures are calculated by the formula 
 

( ) ikikik TAQkkkS ηβψ ⋅= max21  (1.1) 
 

Where kQ  - weight of a building or structure referred to k-point; maxA  - seismic acceleration of the basis 

for appropriate design seismicity (it is equal 0.4 at 9 numbers, 0.2 - at 8 and 0.1 - at 7); ( )iTβ  - value of 

amplification factor, dependent from the period of free vibrations under principal mode ikiT η;  - k element 

of  vector )( iη ; ψkkk ,, 21  - characteristic factors. 
 

Factor эk , taking into account the special conditions of NPP operation appears in the given formula 

instead of factor 1k . Its values shall be assumed depending on structure seismic category: for I category 
эk  = 0.625; for II category эk  = 0.5; for structures of II category which have been not connected to a 

storage of radioactive products, эk  = 0.3. 
 
Besides that the building structures of I category shall be calculated on simultaneous action of three 
components of earthquake: two identical horizontal and one vertical, equal to half of horizontal. It is 
supposed to carry out calculation on each component independently, and then to summarize the 
appropriate forces by ККСК rule (square root from the sum of squares). The structures of II category, as 
well as usual objects, shall be calculated on each component independently. 
 
The building structures of I category shall be calculated, starting from seismicity of 5 numbers, and II - 

from 6 numbers. The values of acceleration maxA  are equal: at 5 numbers 0.025, at 6 numbers 0.05, at 
higher intensity same, as in (1.1). 
 
Other multipliers in (1.1) are former. 
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Let's consider a little bit more in detail differences of nuclear codes from general building codes. For 

structures of I category use of value эk  = 0.625 at the specified ratio between components of load is 

equivalent to calculation on acceleration 0.938 maxA , applied under angle of 200 to a horizontal plane. By 
another words design acceleration in this case is close to peak acceleration of the basis (for usual 
structures it usually in four times less), but, nevertheless, even these, most important structures shall be 
calculated for loads, which are less than maximum. It is done on the assumption of the same reasons, that 

use for usual structures of reducing factor 1k . 
 
But the distribution of this approach on nuclear objects (even with smaller reduction of loads) has two 
minuses. First, the experience of the previous earthquakes, on the basis of which design loads are reduced, 
concerns, strictly speaking, only to structures of the surveyed types really exposed to earthquakes, and to 
transfer it him on other types (including rather specific NPP buildings) is necessary with care. Secondly, 

use for the whole building of uniform factor эk  means also identical damaging of all its elements. But, for 
sealed containment shell completely other degree of damages is allowed, than, for example, for enclosing 
structures of reactor hall rigging. To exclude last defect, it would be better to act the same as at 
calculations of the process equipment: to execute calculation of building on real load, but for structures, in 
which the inelastic deformations are allowed, to establish fictitious (increased) strength characteristics of 
materials. For example, for sealed containment shell, in which the irreversible deformation are 
inadmissible, it is necessary to assume strength characteristic without increase; for other parts of building, 
where such deformations are allowed, it is possible to enter raising factor depending on degree of possible 
damages. 
 
Rather complex flat and spatial design models are often used for seismic calculations of NPP structures. 
Therefore for them the problem of the account of sufficient number of principal modes is especially 
urgent. 
 
5.2. Load Combinations and Material Stress Limits 
 
The load combinations used for NPP design are made on the base of the same rules, as for other industrial 
and civil objects.  
 
According to the approach, accepted in our country and fixed in codes (СНиП 2.01.07-85), loads on 
structures are subdivided into the following four groups: 
• dead loads (weight of fixed installation, stored materials, people on floors, pressure of gases and 

liquids, crane vertical loads with reduced characteristic value etc.); 
• short-term live loads (loads from the equipment in transient behaviour; weight of the people and 

equipment at repair areas; full-time vertical loads from cranes etc.); 
• specific (explosions, seismic load, emergency loads etc.). 
 
At seismic calculations the temperature climatic loads, wind loads, dynamic loads from the equipment and 
transport, braking and lateral (side) forces at work of cranes do not take into account, as it is considered, 
that their coincidence with earthquake is too improbable. If at the moment of earthquake there is a load on 
crane hook, the horizontal force of inertia, acting on it, is not transferred through a suspension bracket to 
building structures and that is why it is not taken into account. It does not concern to vertical force of 
inertia, however, at its calculation, besides total weight of the crane bridge and trolley, it is assumed only 
30 % from the maximum carrying capacity of the crane, because the coincidence of earthquake with 
lifting of maximum load is improbable. Horizontal inertial load from weight of the crane bridge is taken 
into account only in direction, perpendicular to crane tracks, as in longitudinal direction the crane will 
simply roll (over). 
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The design material strengths  (concrete, reinforcement, blockwork etc.) are established in view of 
features of seismic load – its short-term and small probability of realization. 
 
The values of factor of work conditions mкр are given in table 7 of СНиП II-7-81* " Construction in 
seismic areas ".  
 
As is known, strength characteristics of materials are varieties, and their characteristic values shall be set 
so that the probability of their realization (provision) will be not less than defined value (for example, to 
code СНиП 2.03.01-84 "Concrete and reinforced concrete structures " strength characteristics of 
reinforcement steel are guaranteed with probability of 0.95). But as the earthquake happens seldom, it is 
improbable, that exactly structures with insufficient materials strength will be acted by it (certainly, under 
compliance of the requirements on works execution during their erection). Therefore at performance of 
seismic analysis strength characteristics of materials can be assumed with smaller provision, i.e. are 
increased a little bit. 
 
For the account of features of effect, strength characteristics of materials are multiplied on additional 
factor of work conditions mкр, given in table 7 of СНиП II-7-81* " Construction in seismic areas ". Its 
value changes depending on earthquake frequency (see note 1 to table 7, where the frequency 1 means 
realization of earthquake 1 time per 100 years, 2 -1 time per 1000 years, and 3 - 1 time per 10000 years). 
Values of frequency are specified on seismic zoning plans of territory of the former USSR. As it is visible 
from the table, changes of material strength characteristics in comparison with static calculations are 
sufficiently small. 
 
NPP feature is that for them some special loads and effects which are not taken into account for less 
responsible (important) objects (for example, plane collapse on  NPP, explosions, hurricanes, tornados, 
climatic effects of especially rare frequency) are considered. In a part of the seismic effort account, feature 
is that there is not one, but two levels of its intensity - ПЗ and МРЗ. Besides that, at NPP design loads at 
various operating modes are considered, designated below as follows: 
- НУ- loads under normal operation conditions; 
- ННУ - loads at derangement of normal operation conditions, as which failures which are not 

resulting) to МПА are considered (for example, faultiness of reactor control system, loss of the 
power supplies of the main circulating pumps, turbogenerator switching-off, total loss of external 
sources of power supply, small break of the first contour etc.). 

- МПА - loads at the maximum design accident. 
 
Seismic loads should be considered together with NPP modes of operations, specified in table 6 of ПН АЭ 
Г-5-006-87. As against usual objects, for NPP the combination of two special loads: МПА + ПЗ is 
considered. At the same time at codes the combination МПА + МРЗ is not taken into account. It is based 
on the following reasons. 
 
The building structures and equipment of I category are designed on МРЗ. Therefore such earthquake 
itself can not result to their failure, i.e. to МПА, and only random coincidence of these events in time is 
possible. But the probabilities of realization both МРЗ, and МПА are equal to  10-4 1/year, i.e. probability 
of their coincidence is 10-8 1/year. In our country, as well as in the majority of other countries, and also 
according to the IAEA recommendations it is assumed, that at probability of event realization less than 10-

7 1/year it is possible do not take it into account at NPP design. For this reason, because of small 
probability, random coincidence of МРЗ and МПА is not considered in codes. But it does not concern to 
ПЗ, as the probability of its realization is equal to 10-2 1/year, that is, the probability of random 
coincidence with МРЗ is equal 10-6 1/year, i.e. there is more than threshold value. 
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Proceeding from the same reasons, it is supposed do not consider combination МРЗ with НУЭ loads, if 
within one year the ratio of time of action of last to an interval between them does not exceed 10-3. Thus, 
for example, random equipment operation etc. can be excluded from consideration. 
 
At seismic calculations of NPP building structures design strength characteristics of materials in our 
country are nominated in the same way as for usual objects.  
 
The same approach as in our codes is accepted in the recommendations of IAEA: the combination МРЗ 
with additional loads from МПА is considered only in case if their independence is not proved. Thus, 
however, it is marked, that loads, which for one element of nuclear plant (for example, cooling system of I 
contour) are МПА loads, for others (for example, for sealed containment shell) should be considered as 
НУЭ load, i.e. to be combined with МПА. 
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Abstract. Existing nuclear facilities throughout the world are being subjected to severe scrutiny of their safety in 
the event of an earthquake. Several different re-evaluation methods are employed in practice, including 
Probabilistic Safety Assessment, Seismic Margins Method and deterministic analysis. A seismic walk down is a 
key feature of re-evaluation in most of the countries, including India. The seismic re-assessment basically aims 
at verifying its adequacy to withstand the seismic hazard with respect to current design practices. Several 
existing facilities like the CIRUS research reactor at Bhabha Atomic Research Center, Rajasthan Atomic Power 
Plant, Kota and Nuclear Waste management facilities at Trombay and Tarapur and Heavy Water Plant at 
Rajasthan were built according to the standards prevailing at the time of their construction. The seismic re-
evaluation of these facilities has been discussed in this paper. 
 
1. Introduction 
 
The objective behind the seismic review of an existing nuclear facility is its evaluation against the 
perceived seismic hazard using current design practice. Several important nuclear safety-related 
facilities were designed and built according to the standards prevailing at the time of their 
construction. But, the methodology of seismic design of structures, equipment and piping systems has 
evolved over a number of years and these facilities may not satisfy the current seismic design criteria. 
Therefore, it becomes necessary to perform seismic re-qualification of nuclear facilities and check the 
adequacy of all structures, systems and equipment essential to bring the plant from a normal operating 
condition to safe shutdown conditions and to ensure safety during and after the earthquake event. In 
the process, the principle adopted is not to design the plant, but to determine the realistic seismic 
resistance of already built structures, systems and equipment and modify only those to provide at least 
a minimum level of seismic resistance. 
 
In this paper seismic re-qualification of safety related systems, structures and components of CIRUS 
research reactor, Seismic Re-assessment of Waste Management facility at Trombay and Nuclear Solid 
Waste Storage Block Facility at Tarapur, Containment building of Rajasthan Atomic Power Plant, 
Kota and Heavy Water Plant at Kota, Rajasthan are presented.   
 
2. Seismic Review Methodology 
 
Broadly, the seismic review methodology has four steps: (i) deriving an earthquake level for seismic 
re-qualification, which is generally higher than the one for which the facility had been originally 
designed, (ii) identification of systems for which the seismic re-assessment is to be carried out, (iii) 
assessment of seismic capacity of the nuclear power plant facilities as per the current design practice 
and (iv) wherever necessary, upgrade the structures by strengthening it or reduce the seismic load 
using passive energy absorber devices.  
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2.1. Deriving earthquake level for seismic re-qualification 
 
The facilities described in this paper are existing in the area where new plants are being built. 
Therefore it is decided that the design earthquake motion used for the new plants will be used for the 
re-qualification of existing facilities.   
 
2.2. Identification of systems for the seismic re-qualification 
 
Systems identified for the seismic re-evaluation include those components which make up single 
safety train to bring the NPP to a safe shutdown condition and which can maintain the plant in such a 
condition for a minimum of 72 hrs. A somewhat larger scope is sometimes specified which includes an 
assumption of a simultaneous occurrence of small LOCA. This assumption would generally involve 
containment and safety injection systems. Also included in this assumption is the loss of off-site 
power. 
 
2.3. Assessment of seismic capacity of the NPP systems  
 
U.S nuclear industry and US nuclear regulatory commission have developed several seismic re-
evaluation methods. Recently, USNRC initiated a seismic Individual Plant Examination of External 
Events (IPEEE) program to identify plant-specific dominant problems and simple fixes.  Following 
three methodologies have been used in IPEEE program: 

1. Seismic probabilistic safety assessment [1] 
2. NRC seismic margin method [2] 
3. EPRI seismic margin method [3]  
 

Plant walk down is the key component both in seismic PSAs and seismic margin studies. In the IPEEE 
program, plant improvement related to seismic safety have generally taken the form of various 
hardware fixes, maintenance actions, and procedural enhancements. Various hardware fixes suggested 
in the literature [4] are: anchoring equipment, bolting cabinets together to avoid impact, improving 
existing anchorage or supports, installing missing fasteners and bolts, installing spaces on battery 
racks, replacing vulnerable relays etc. 
 
The seismic capacity can be assessed by detailed analysis backed up by experience[5]. The re-
qualification methodology for systems involve determination of  forces after carrying out seismic 
analysis for the higher level of ground motion. However, following concessions can be made use of: 
(i) The damping values used in re-assessment can be higher than RG 1.61 as shown in Table I [5] and 
(ii) The inelastic energy absorption characteristics of systems is also considered by use of suitable 
ductility factors [5]. 

 
Table I Damping Values (Percentage of Critical Damping) for Seismic Re-Qualification 

System Damping 
Reinforced concrete structure 10 
Steel frame structure 15 
Welded assemblies 7 
Bolted and riveted assembly 15 
Cable trays 10 
Heat Exchangers, pumps and tanks 7 
Piping  5 

 
Sometimes, detailed nonlinear time history analysis is performed to justify lower values of responses. 
In case of piping, allowable stress values of 4.5 Sm with B2- indices or 3.0 Sm with revised B2’ 
indices for earthquake load is permitted as per ASME Boiler and Pressure Vessel Code. However, if 
nonlinear time history analysis is carried out, 5% strain may be allowed in the piping.  While re-
evaluating the stress in the pipe support, the allowable stress for structural steel may be considered as 
1.3 times the yield stress [6]. 
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2.4 Up gradation of the structures by strengthening or use of passive energy absorber 
devices 
 
After detailed plant walk down and systems capacity evaluation, retrofitting of some of the systems 
may be required. For this purpose appropriate retrofitting methods need to be selected and should be 
implemented systematically. Retrofitting techniques adopted for emergency storage water tank and 
battery racks of research reactor are also discussed in this paper.  
 
3. Seismic Re-Qualification of Safety Related Systems, Structures and Components of 
CIRUS Research Reactor 
CIRUS is a 40 MW (thermal) research reactor at Bhabha Atomic Research Center. It was 
commissioned in early 1960. The design basis ground motion currently adopted at Trombay and 
Tarapur sites for 7, 8 and 10% critical damping values is shown in Fig. 1.  
 
As per the safety stipulations the following safety systems have been qualified for earthquake ground 
motion during refurbishing program. 
 
 

 
 
 
 
 

Fig.1 Design Basis Ground Motion adopted at Trombay Site 
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3.1. Containment Structure 
 
Containment consists of steel pressure shell, main frames, ring girders and cladding frames as shown 
in Fig. 2. The steel pressure shell enclosing the reactor (not shown in figure) is cylindrical up to crane 
level and from there it supports steel hemispherical dome. The diameter of the shell is  36.5m and it is 
formed by welding a number of  small steel segments. The shell is made of 22 mm thick carbon steel 

Elevation of main frame Elevation of Cladding frame 

120’ O D of shell 

Fig 2.1 Cross section 
of containment 

10

10

10

10

10

10

10

Fig.2 Schematic of 
containment structure 

Fig. 2.2 Geometric details of research reactor containment 
structure 
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plate up to crane level and 12.5 mm thick carbon steel plate in the dome portion of the containment. 
The frame structure supports the pressure resisting membrane shell on its interior and the exterior 
enclosure includes the architectural cladding. The section of mainframe consists of an I-girder, two 
equal channel section and two unequal angles. All the members are welded at the joints. There are six 
ring girders provided in the steel work. Two ring girders are provided in the shell portion while 
remaining four girders connected in the dome portion of the containment. These are connected with 
the main frame and inside steel shell plate by welding. Cladding frames are supported by main frame 
and thin aluminum sheets are fixed to the cladding frame. The containment structure is supported on 
substructure made of massive concrete shear walls. It consists of ground floor, basement and sub-
basement. In order to maintain the complete pressure seal of the containment, both basement and 
subbasement are housed in a 0.9 m thick cylindrical reinforced cement concrete (RCC) shell. The sub-
basement is mainly a foundation providing a heavy pedestal of concrete to support the reactor and 
storage block. 
 
Containment is an important safety related structure. It was analyzed [7] for seismic ground motion 
shown in Fig. 1. Static and dynamic analyses of reactor building model were performed.  The first 
fundamental frequency in flexure mode is 5.22 Hz while in vertical direction the frequency is 10.62 
Hz. The maximum stress in the shell due to dead weight, accident pressure and earthquake is 1218.43 
Kgf/cm2 against allowable stress 2466 Kgf/cm2. The maximum stress in the members of the main 
frame is 1718.65 Kgf/cm2 against allowable stress 2254 Kgf/cm2.  
 
To validate the analysis, the natural frequencies of containment obtained from analysis with 
experimental measurements were compared [8]. The frequency along horizontal direction obtained by 
experiment was 6.75 Hz as against 5.22 Hz obtained by analysis.   
 
3.2. Emergency Storage Tank (Ball Tank) 
 
The emergency water storage tank, is a spherical prestressed concrete structure as shown in Fig. 3. It 
was constructed around 1959. It has a storage capacity of 8,50,000 gallons of demineralized water. 
This water is used for cooling of reactor under shutdown condition to remove decay heat and also used 
for emergency core cooling purpose. It is an important safety related structure, and therefore its 
structural integrity must be maintained under postulated earthquake ground motion. Prior to this, the 
following non-destructive tests were carried out at selected locations to find out the health of the 
structure. 
 
1.    Visual examination: To determine the cracks if any. 
2.    Impact hammer test: For checking the quality of cover concrete cover 
3.    Ultrasonic pulse velocity test: To test the quality of concrete. 
4.    Half cell potential test to detect corrosion in reinforcement. 
5.    Corrosion test: To determine the corrosion rate6.    Concrete core sampling:  To measure ageing 
effects on compressive strength 
 
After confirming the strength of the concrete, seismic analysis was performed for the ground motion 
as shown in Fig.1. It was found that the bottom of central shaft is unsafe for the postulated earthquake 
load [9]. Therefore, it is proposed to strengthen the bottom portion of the central shaft using 3.15 mm 
thick stiffened carbon steel plates. The plate is provided on both faces of the cupola and central shaft 
covering up to 1.5 m on cupola (radially), over full height of shaft on wet side and 1.75 m height on 
dry side [10]. With this arrangement, the tank is found to be safe.  
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3.3. Emergency dump tank 
 
The dump tank is shown in Fig. 4. It is an underground rectangular reinforced cement concrete 
structure with a raft foundation. The tank is divided into three compartments.  Compartments 1 and 2 
are identical and are having the capacity of 3.5 lakh liters each, while the compartment 3 has a 
capacity of 40 lakh liters. The tank is provided with roof slab, which is supported by outer walls of the 
tank, partition walls of the compartments and columns inside the compartments. During the emergency 
core cooling, the water is diverted to dump tank. Dump tank acts as a storage of radioactive water. 
Static and Seismic analysis of dump tank has been carried out considering soil-structure interaction 
[11]. The natural frequencies of the structure are 7.82, 8.72 and 15.39 Hz along two horizontal 
directions and vertical direction respectively. Typically the reinforcement steel required along vertical 
direction is around 3628.0 mm2/m, whereas, provided reinforcement is 3818 mm2/m. After detailed 
checking the design of raft, roof, walls and columns of dump tank, it is found to be safe for review 
ground motion. 
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3.4. Stand pipe 
 
Standpipe is a carbon steel pipe  located vertically. It is 17 m heigh, 1.5 m outer diameter and 6.35 mm 
thick. It is made up of seven sections with longitudinal seams. These sections are also welded together 
circumferentially to form the pipe. Gusset plates are welded on the sides of the pipe and to the 
foundation through the base plate which is connected to the foundation by anchor bolts. Schematic of 
the standpipe is shown in Fig.5. Static and dynamic analysis of the stand pipe was carried out [12].  
7% and 10% damping values were used respectively for operating basis earthquake and safe shutdown 
earthquake. The operating basis earthquake is half of review level earthquake. The natural frequency 
of the structure is 1.77 Hz along two horizontal directions and 25.50 Hz along vertical direction. The 
combined stresses for the static and seismic loads are 1357 kgf/cm2 as against 3412.5 Kgf/cm2 
allowable stresses. The anchor bolts were also checked and found to be safe. 
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Fig. 5: Schematic of
stand pipe 
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3.5. Battery bank support structure 
 
The battery rack is made of wood and mild steel sections, which is isolated from the floor by a rubber 
pad.  Battery Rack is 2.1 m high, 4.6 m long and 0.94 m wide. There are two supporting racks, which 
are connected by 0.610 m long wooden block. These wooden blocks do not transfer any load but 
facilitate the inspection by providing a platform between the two racks. 
 
It was found necessary to retrofit the battery bank support structure and detailed modifications made to 
prevent the damage of the battery bank.  
 
To avoid failure by sliding/toppling of supporting structure, connections are made between battery 
rack and the floor. The arrangement of connection is given in Fig. 6.  
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To prevent the toppling and collision of the batteries, following arrangements [13] are made. 
a) The battery rack is provided with end and side rails. Intermediate side rails are installed after every 

five batteries. 
b)  Crush resistant spacers made of rubber are provided between the cells. It fills about two third of 

the vertical space between the cells. The spacers were checked for tightness. 
 
4. Rajasthan Atomic Power Plant, Kota 
 
The RAPP 1 and 2 consist of two pressurized heavy water reactors. These are based on heavy water 
moderated and heavy water cooled reactors with UO2 as fuel. The reactors were designed to generate 
220 MW electrical power. These reactors became critical in 1972 and 1980. The reactor building and 
other buildings were designed as per Canadian design practices. The buildings were founded on 

Fig.6   Line Diagram of Two Battery Racks 

    Rubber pad 
with bolting 

Wooden Railing

Wooden 
Block 

Wooden 
Block 

ISMC 

Battery 

Rubber pad

Intermediate rails 

Longitudinal Rails 
Rubber Pads 

Battery 

PPaarrtt  PPllaann  SShhoowwiinngg  aarrrraannggeemmeennttss  ooff  lloonnggiittuuddiinnaall  aanndd  ssiiddee  
rraaiillss  

144



bedrock having a bearing capacity of 164 t/m2. Wind and Earthquake forces were taken into account as 
per provisions of Canadian codes prevailing at that time. The reactor building as shown in Fig.7 
mainly consists of calandria vault, internal structure and cylindrical containment founded on the 
bottom rock.  
 
4.1. Internal Structure 
 
The internal structure of Reactor building consists of two reinforced concrete walls running from north 
to south. The reactor vault, which houses the calandria and dump tank, is structurally separated from 
containment wall and other internal structures. Internal walls and floors throughout the building are 
designed for equipment load, pressure surge and dousing water plus self weight. The ground floor 
level is at 362 m. The floor at 386 m elevation supports the emergency water storage tank, known as 
dousing tank. It has a storage capacity of 1818.4 cubic meters. The perimeter wall thickness is varying 
from 137.16 cm to 91.44 cm.  
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Fig. 7. RAPP building view looking North West 
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4.2. Containment Building 
 
The containment structure consists of two parts, cylindrical wall and hemispherical dome. Cylindrical 
portion is made of reinforced concrete structure. The internal diameter of cylinder is 39.62 m and 
thickness of wall is 1.22 m. The total height of cylindrical portion is 22.96 m. from the grade level to 
the spring line of the dome. 
 
A hemispherical pre-stressed concrete dome with thickness varying from 0.305 m at bottom to 0.203 
m at top is monolithically connected with the reinforced cement concrete cylindrical shell. 
 
Reactor building was analyzed [14] for dead load, internal pressure of 0.42 Kg/cm2. The response 
spectrum analysis has been carried out for earthquake ground motion. The spectrum for 5% damping 
as shown in Fig. 8 was used in the analysis although 10% would have been more appropriate as 
recommended in the reference [5]. The zero period acceleration for the site is 0.1g. The natural 
frequencies of for internal structure are 1.33 Hz, 4.22 Hz 8.65 Hz along two horizontal and vertical 
directions respectively. The natural frequency of dousing tank and its supporting structure is 5.57 Hz 
along vertical direction. The first fundamental frequency of containment is 10.8 Hz along two 
horizontal directions.  Design checks were performed and it was found that all the structures are safe.  
 
 

 
5. Seismic Re-Assessment of Waste Management Facility 
 
Initially first level plant walk down was performed to check the adequacy of the system supports and 
seismic interaction effects. The safety related systems checked were hot cells, ventilation systems, 
diesel generators, cranes and high level waste storage tanks.  In the case of ventilation systems, the 
supports provided for ducts are generally found adequate for dead weight but not for seismic loads.  
Support strengthening have been recommended. The ventilation blowers are supported on 
conventional vibration isolators and  their adequacy to withstand earthquake loading have been  
checked. In the case of cranes, passive seismic locks have been provided.  
 
In addition to the first level walk down, seismic re-qualification of safety related structures such as 
process building, under ground trenches, ventilation stack etc have been carried out as per the re-
qualification procedures.  
 
 
 

Fig.8. Response spectra for 5% Damping 
(normalized to unit g) 
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5.1. Nuclear Solid Waste Storage Block Facility 
 
Nuclear solid waste storage block facility consists of two separate blocks resting on graphite bearings 
as shown in Fig. 9.  These  blocks are separated by a gap of 0.10 m.  These blocks are also separated 
from the main structure all around by a gap of 0.10 m. This gap is provided in order to absorb thermal 
expansion of the blocks due to heat generated from the nuclear solid waste. Sectional views of each 
block are also shown in Fig. 9.  
 

 
 
During thermal expansion, the blocks will slide on the graphite bearings and will be free to move 
horizontally. Thus, there will not be any thermal stresses in the blocks. However, during earthquake, 
the blocks will slide freely on the graphite bearings, and may hit the sidewalls of the structure.  Thus, 
there may be substantial damage to the structure when it is subjected to earthquake load.  
 
One possible way of avoiding failure of the structure due to earthquake load is to support the waste 
storage blocks on energy absorbers such as  Lead Extrusion Dampers (LED) as shown in Fig. 10. 
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Fig. 10. Lead Extrusion damper 
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The elasto-plastic dynamic analysis of the solid waste storage blocks with LEDs was carried out using 
Newmark-β time integration method.  
 
Using time history analysis, the displacement of the blocks during earthquake has been obtained as 35 
mm, which is less than the clearance available [15-16]. Thus, LED reduces the seismic response of the 
solid waste storage block structures. 
 
6. Seismic Re-Evaluation of Heavy Water Plant, Kota 
 
Heavy water is used in pressurized heavy water reactors as moderator and coolant. It is produced in 
heavy water plants located at various parts of the country. One of the heavy water plants is located at 
Kota, Rajasthan. It works based on the H2O- H2S isotropic exchange process. Deuterium is extracted 
from water up to 15% in exchange unit followed by further enrichment to 99.8% in distillation unit. 
The plant handles a large inventory of 200 tones of H2S gas in process and 50 tones of H2s gas as 
storage. The H2s gas is very toxic, corrosive and hazardous and hence all safety aspects have been 
considered during designing, fabrication and operation of the plant. As per the national standards at 
that time the plant was not designed for earthquake load. However, as per the current standards it 
should be designed for peak ground acceleration of 0.01g. However, the plant is located close to the 
nuclear power plant and failure of H2S handling system will affect the nuclear facilities and public 
near to the plant. Hence it is required to perform seismic re-evaluation of the plant for 0.03 g peak 
ground acceleration which corresponds to  95% probability of non-exceedence in 50 years. The shape 
of the spectra considered is same as used for design of nuclear power plan shown in Fig. 8. 
 
The various systems which handle H2S gas are: 

1. Exchange Towers 
2. Flare Stack Tower  
3. Process tanks and their supporting structure 
4. Dump tanks and their supporting structure 
5. Heat exchangers and supporting structure 
6. H2S storage tanks 
7. Main pipe racks and supporting structure 

 
Some of the finite element models of these systems are shown in the Fig.11. Response spectrum 
analysis of all the systems was performed and design was found to be safe.  
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7. Concluding Remarks 
 
Fortunately all our systems reviewed so far were able to meet present codal requirements except ball 
tank, battery racks and nuclear solid waste storage block. For most of the systems re-assessed, linear 
analysis was found to be sufficient to qualify the structure. However, non-linear analysis may be 
required for some structures, in case the structure does not qualify by linear analysis. One of the 
simple techniques, which can be used to carry out the non-linear analysis of structures, is push over 
analysis.  This method will be used in future to qualify the structures. 
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Abstract. The paper deals with the analysis of the seismic resistance of a ventilation stack of a reactor building 
incl. the possible reserves and possibilities of increasing this resistance. The structures of this type are highly 
sensitive to seismic loads, as the tuning of the stack (the spectrum of its lowest natural frequencies) corresponds 
with the frequency spectrum of excitation due to seismic effects. The purpose of the paper is to show, on an 
example of an actual structure, the character of the response of the structure, the participation of the individual 
frequency components of the response in the overall stress and strain state of the structure of this type, incl. the 
methodology of the numerical analysis of the structure. The load of the stack proper is modified by the transfer 
characteristics of the building. In engineering practice the system is usually divided into two subsystems: the 
building with the sub-base and the stack proper. The rate of justification of the application of this simplification 
depends on the distance of the natural frequencies of the stack from the natural frequencies of the building. The 
paper conclusion deals with the possible errors in the determination of the actual stack structure seismic 
resistance. 

1. Introduction 

The ventilation stack proper (Fig. 1a) is fastened with bolts to the roof structure of a reinforced 
concrete building as a result of which the seismic load of the ventilation stack is modified by the 
transmission characteristics of the building. Seismic load, which propagates through the ground 
environment to the foundations of the building, is characterized in this particular case by the 
acceleration of 0.1 g for the horizontal movement component at foundation level and the acceleration 
of 0.07 g for the vertical movement component. 

The seismic analysis of the whole system, comprising the foundation sub-base, the building and the 
ventilation stack, is an extensive problem. For this reason in engineering practice this system is usually 
divided into two subsystems: sub-base + building and ventilation stack.  

The first subsystem considers the influence of the stack structure on the roof of the building merely in 
terms of mass (not stiffness). The analysis of the stack in the second subsystem considers the actual 
roof stiffness and its actual dynamic response to seismic excitation, expressed e.g. by the response 
spectrum (Fig. 2).  

The degree of justification of the application of this simplification depends on the difference between 
the natural frequencies of the stack (Fig. 1b) and the natural frequencies of the building incl. its roof 
on top of which the stack is anchored. The solution of the problem is based on the analysis of the 
response of the structure by the decomposition into the dominant natural frequency modes. 

                                                      

† Present address: Czech Technical University in Prague, Klokner Institute, Solinova 7, CZ-166 08 Prague 6, 
Czech Republic 
‡ Present address: Static and Dynamic Consulting, Šultysova 167, CZ-284 01 Kutná Hora, Czech Republic 
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2. Description of stack structure 

The ventilation stack (Fig. 1a) is a double-skin steel segment structures consisting of five segments 
10.200 m high and the foundation element 1.550 m high. The total stack height is 52.550 m. The stack 
is provided with two platforms – the middle platform 20.550 m and the upper platform 49.130 m 
above the stack base level (the level of the stack contact with the roof of the building). The stack is 
provided with exterior steel ladder along its whole height with small platforms and railing at the level 
of individual segments. Between the middle and the upper platforms the stack shaft is provided with 
helical wind-breakers. 

The inside diameter of the exterior cylindrical segment skin is 3.000 m, the wall thickness is 12 mm in 
the first segment and 8 mm in the second to fifth segments. The interior segments have an inside 
diameter of 1.600 m and a wall thickness of 4 mm. At the ends of individual segments the exterior and 
the interior segment skins are mutually connected with annular stiffeners of steel plate 16 mm thick. 
The lowest stack segment is connected with the foundation element consisting merely of an exterior 
cylinder with horizontal and vertical stiffeners. 

The foundation stack element (Fig. 1a) consists of two cylindrical parts. In the lower part 1.110 m high 
it is reinforced between the lower and the upper flanges with twelve pairs of trapezoidal plates 16 mm 
thick on the outside. The outer skin 12 mm plate proceeds from the lower flange up to the upper flange 
through the whole height of the foundation element. The foundation element is fastened to the 
reinforced concrete roof structure by means of twelve M90 foundation bolts placed in the axes of 
every pair of trapezoidal reinforcement plates. 

The stack material has been considered as Class 37 standard structural steel of the S 235 strength 
category. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 FIG. 1a. Geometry of ventilation stack. FIG. 1b. Natural frequency modes.  

153



 

 

 

 

 

 

 

 

 

FIG. 2. Response spectrum of reactor building roof. 

3. Analytical model 

The cylindrical skins were modeled per partes by plane wall plate elements (thin plates) of appropriate 
thickness. The stiffeners were modeled per partes by beam elements. The non-load-bearing elements 
(gallery floors, ladders, ladder cages, etc.) were replaced with concentrated masses, manifesting 
themselves both by their own weight and under seismic load by appropriate forces acting in the load 
direction (x, y, z), respective. The analytical model is shown in Fig. 1a. The damping of the steel 
structure in case of seismic excitation was considered conservatively at the rate of 3 % of critical 
damping. (For seismic load it is possible to use up to 5 % damping [3], although for standard loads, 
such as wind load, the damping of steel structures is usually considered at about 3 %, as a rule). The 
foundation element of the stack bears on the roof structure by its lower flange. For the purpose of the 
analysis this bearing was simplified into elastic supports in all three directions of coordinate axes 
(x, y, z) in the intersection point of the outer skin with the surface of the roof structure. 

The kinematic excitation by seismic forces was considered as the effect of dynamically variable forces 
along the substitute elastic supports trajectory so as to eliminate (or permit only negligible) influence 
of the selected support stiffness or the natural frequencies of the structure as a rigid body on elastic 
support, corresponding with this stiffness, on the character of the response within the seismic 
excitation scope of the frequencies of interest, approx. up to 33 Hz. This simplification results in the 
necessity of correcting the computed displacements and internal forces in the individual dominant 
frequencies of the response of the structure according to the actual frequency-dependent amplitude of 
seismic excitation (Fig. 2), corresponding with the excitation spectrum at the roof level. 

4. Response analysis 

The lowest natural vibration modes are shown in Fig. 1b. With regard to the almost symmetrical stack 
form with reference to the both horizontal axes x and y (the symmetry being disturbed by the ladder 
located on x side) the corresponding natural modes are very close to each other on the frequency axis. 
The figures showing the lowest natural vibration modes reveal that apart from the two lowest natural 
frequencies of the bending vibrations of the stack as a cantilever structure in the proximity of 1 Hz all 
other higher modes arise primarily from bending vibrations of the cylindrical structure of both skins in 
radial direction. Apart from the dominant bending modes also the axial vibration mode of the stack 
structure as a whole in the direction z is significant, found in the vicinity of the natural frequency of 
22.5 Hz, and the mode combining the axial stack vibrations in direction z with the stack bending at the 
frequency of 18.5 Hz. 

The computation of natural frequencies and modes is supplemented with computed diagrams of 
steady-state curves in Fig. 3 in the selected points of the foundation element in which the resonance 
frequencies manifest themselves with peaks (tops of the given relations). With reference to stack 
vibrations under seismic excitation the following frequencies are dominant : 
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a) in horizontal direction natural frequencies in the vicinity of  1.0 / 5.1 / 14.5∼16.0 / 26.5 Hz; 
b) for excitation in vertical direction natural frequencies in the vicinity of 18.5 / 22.5 Hz. 
 
The dynamic computation of the response was made for excitation in horizontal direction x (it was 
assumed, with a certain simplification, that the excitation in direction y is the same as that in 
direction x) and for excitation in vertical direction z. The target of the computation was to ascertain the 
seismically significant low frequency interval of seismic excitation from 0 to 33 Hz. 

The computed displacement in supports corresponds with the stiffness k and the dynamic excitation 
force F 

 Acomp = F · k (1) 

The given values of acceleration a (Fig. 2) at the building floor level as the function of frequency f of 
stack support vibrations can be used for the determination of the actual amplitude vibration of the 
support A due to seismic excitation at the appropriate frequency f 

 A(f) = a / (4 · π2 · f 2) (2) 

The correction factor ξ for the respective frequency f is  

 ξ(f) = A(f) / Acomp = a(f) / (4 · π2 · f 2 · Acomp) (3) 

This correction factor is used for the necessary correction of the computed response (Fig. 3), e.g. in the 
displacements y 

 y(f)= ycomp(f) · ξ(f) (4) 

The following Tables 1, 2 and 3 give the maximum amplitudes (after correction) of stresses, 
displacements at the individual height levels and structural parts of the stack and support forces. For 
easier description of the structure its individual load-bearing members (Fig. 1a) are numbered as 
follows: 1 - outside cylinder plate of foundation element, 2 - vertical pairs of foundation element 
stiffeners, 3 - exterior skin plates between foundation element and middle platform, 4 - interior skin 
plates between foundation element and middle platform, 5 - exterior skin plates between middle 
platform and stack top, 6 - interior skin plates between middle platform and stack top. 

Maximum response value in individual frequency peaks for selected structural members of the stack 
are vector sums (RMS values; horizontal component is considered in a simplified manner as twice the 
sum of components in directions x and y). For the maximum resultant amplitude A, for instance, the 
formula was modified 

 2
z

2
x

2
z

2
y

2
xmax AA2AAAA +⋅≈++=  (5) 

The above computation reveals that the dominant stress of the stack structure is due to horizontal 
excitation by the frequencies in the vicinity of 1.0 Hz and 5.1 Hz, while the energy contribution of 
other frequency components above 15 Hz to the influence on response magnitude is practically 
negligible. The highest stress has been found in the foundation element stiffeners, where the maximal 
stress in stiffeners attains approximately ± 240 MPa (for Class 37 structural steel the yield point 
fy = 235 MPa), while in the exterior cylinder plate only approximately ± 130 MPa. Under seismic load, 
therefore, the stress redistribution in the foundation element probably will take place due to plastic 
deformations in the highly stressed parts of stiffeners. 

These stiffeners are loaded by a combination of the normal force and bending moments; therefore it is 
possible to apply the ductility factor to these extreme loads. This ductility factor is usually given in the 
respective codes and standards in dependence on the importance of the structure and its structural 
design with different safety margins. The Eurocode [3] permits the ductility factor „for standard 
structures, unless the design brief provides differently“ at the rate of 2.0 regardless of structural design 
of the structure subjected to seismic load. The US code [6] valid for power plant structures enables a 
more discerning application according to the type of structure (design of joints of structural members, 
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material, importance of the structure, etc.) of the ductility factor to steel structures within the limits of 
2.5 and 3.3. As the structure is considerably sensitive to seismic loads, we shall apply this ductility 
factor conservatively by approximately half of its permissible value, i.e. 1.6. The purpose of ductility 
factor application is to use linear elastic computation. The difference in the approach of both afore-
mentioned standards consists in that the Eurocode [3] uses the ductility factor to correct the seismic 
load before the computation start, while the US codes [1] [6] permit the correction of the computed 
response and only for structural members loaded in bending and not for those loaded in compression 
or tension for which they stipulate the ductility factor of 1.0. In this respect the applied code [3] is on 
the safe side. If we apply the above-mentioned ductility factor of 1.6 to the most highly loaded 
stiffeners, we obtain the maximum stress in these stiffeners 

 σ = σmax / 1.6 (6) 

The resulting stress in stiffeners σmax (under linear simplification), consequently, is 

 MPa7.298]2.37.2)2.28.71.2076.40(2[σσ2  σ 2222222
z

2
xmax =+++++⋅=+⋅=  (7) 

After multiplication by the ductility factor we obtain 

 σ = 298.7 / 1.6 = 186.7 MPa (8) 

It should be noted that there are twelve pairs of vertical stiffeners about the periphery of the 
foundation element and the maximum of the computed stresses has been attained in two pairs of 
stiffeners only, situated in the vertical plane in the direction of bending vibrations (e.g. in the plane xz 
or yz, possibly in the diagonal plane between them, etc.). Consequently, even if these two stiffener 
pairs become plasticized, the remaining ten pairs are subjected to smaller loads within the elastic 
region of behaviour of their material, not necessitating the introduction of the ductile characteristics of 
the structure. As it follows from Tables 1 and 2 the material of other structural members of the stack is 
stressed in the elastic region of their material deformation. 

Table 1. Stress σ [MPa] in stack parts  

Horizontal Excitation on 
Dominant Frequencies [Hz] Vertical Excitation [Hz] Stack 

Part Quantity 
1.0 5.1 14.5-16.0 26.5 18.5 22.5 

σmax 
[MPa] 

central σ1 22.5 90.5 3.7 0.8 2.5 3.2 132.1 
central σ2 9.3 37.6 1.7 0.4 1.6 0.8 54.8 1 

surface σmax 22.5 86.7 3.7 0.7 2.5 3.2 126.8 
surface σmin 26.9 118.9 5.9 1.6 1.7 1.2 172.6 

2 
surface σmax 41.2 164.9 7.8 2.2 2.7 3.2 240.7 
central σ1 15.4 50.6 1.9 0.4 2.0 3.0 75.0 
central σ2 2.7 49.1 3.7 0.7 1.3 0.3 69.7 3 

surface σmax 15.4 51.4 1.9 0.4 2.0 3.0 76.0 
central σ1 8.2 46.8 2.2 0.5 2.4 2.7 67.4 
central σ2 3.8 31.4 2.1 0.5 1.2 0.1 44.9 4 

surface σmax 9.9 47.6 2.3 0.5 1.7 2.7 68.8 
central σ1 12.1 28.4 3.2 0.7 1.8 2.6 44.0 
central σ2 1.6 67.5 3.4 0.8 1.0 0.1 95.6 5 

surface σmax 12.1 63.7 3.4 1.0 1.7 2.6 91.8 
central σ1 5.5 16.9 2.1 0.4 1.6 2.5 25.4 6 

central σ2 1.6 39.1 1.7 0.6 1.0 0.3 55.4 

156



 

 

Horizontal Excitation on 
Dominant Frequencies [Hz] Vertical Excitation [Hz] Stack 

Part Quantity 
1.0 5.1 14.5-16.0 26.5 18.5 22.5 

σmax 
[MPa] 

 surface σmax 5.5 39.1 2.1 0.4 1.2 2.6 56.0 
 

Table 2. Vibration amplitude [mm] in stack parts 

Horizontal Excitation on 
Dominant Frequencies [Hz] Vertical Excitation [Hz] ymax  

[mm] 
Stack 
Part Quantity 

1.0 5.1 14.5-16.0 26.5 18.5 22.5  
yx 13.203 18.891 0.689 1.517 - 0.007 32.7 
yy 0.022 0.046 0.008 0.001 - 0.007 0.1 
yz 0.384 1.841 0.076 0.024 0.222 - 2.7 

1 

y 13.209 18.981 0.693 1.517 0.222 0.010 32.8 
yx 13.187 18.722 0.687 0.151 - 0.002 32.4 
yy 0.011 0.032 0.004 0.001 - 0.025 0.1 
yz 0.384 1.687 0.073 0.019 0.214 - 2.5 

2 

y 13.193 18.798 0.691 0.152 0.214 0.025 32.5 
yx 14.549 34.132 0.714 0.150 - 0.011 52.5 
yy 0.329 0.422 0.146 0.014 - 0.012 0.8 
yz 1.455 2.899 0.104 0.023 0.390 - 4.6 

3 

y 14.625 34.257 0.736 0.152 0.390 0.016 52.7 
yx 14.658 35.129 0.770 0.150 - 0.009 53.8 
yy 0.576 2.148 0.087 0.010 - 0.011 3.1 
yz 0.807 1.802 0.070 0.016 - 0.311 2.8 

4 

y 14.692 35.240 0.778 0.151 - 0.311 54.0 
yx 55.449 38.350 0.728 0.096 - 0.007 95.4 
yy 2.086 5.522 0.090 0.010 - 0.007 8.3 
yz 2.306 5.599 0.154 0.029 - 0.532 8.6 

5 

y 55.536 39.148 0.749 0.101 - 0.532 96.1 
yx 59.841 39.884 0.784 0.090 - 0.007 101.7 
yy 1.318 5.599 0.109 0.012 - 0.006 8.1 
yz 1.235 3.145 0.098 0.019 - 0.526 4.8 

6 

y 59.868 40.398 0.798 0.093 - 0.526 102.1 
 

For the purpose of comparison of the dynamic stack response in case of a seismic event the principal 
stresses in the outer skin plate due to the dead weight of the structure are below 10 MPa which is a 
very low level comparable with seismic effects. 

5. ASSESSMENT OF SEISMIC ANALYSIS REQUIREMENTS 

The analysis of the dynamic response of the ventilation stack structure for a seismic event reveals that 
of decisive significance for the dynamic response of the structure are the seismic movements of the 
sub-base in the region of the lowest natural frequencies of the bending vibrations in the vicinity of 1.0 
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and 5.1 Hz. Although in case of seismic loads the design standards prescribe the analysis of the 
behaviour of the structure in the frequency range of aproximately up to 33 Hz, the influence factor of 
natural modes with the frequencies over 15 Hz is relatively insignificant (see Tables 1 and 2). The 
Czech Standard [2] prescribes the assessment of internal forces while taking into account the effect of 
the basic dominant frequency of the natural vibrations of the structure in superposition, but with half 
the weight, with further higher natural frequencies. The preceding analysis has revealed that in case of 
such a seismically sensitive structure as the ventilation or chimney stack the response of the structure 
to the basic bending natural frequency (of about 1.9 Hz) need not be always dominant for the overall 
stress state of the structure. In our case the dominant effect is exercised by the frequency peak at 5.1 to 
5.2 Hz, i.e. the 4th and the 5th natural frequencies. In standard building structures the seismic excitation 
produces dominant effect in its lowest natural frequency, as a rule. Should we apply this rule also to 
this particular case, i.e. to the bending vibrations in directions x and y at the frequency of about 1 Hz, 
we would commit an error at the cost of safety. Higher vibration modes in standard building 
structures, consequently, have lower effects, as a rule, or the second lowest natural mode is 
comparable with the dominant basic first natural mode (in this particular case the effects of the 4th and 
5th natural modes are comparable with the lowest two ones). 

Eurocode [3] does not deal with the composition of individual frequency components of internal 
forces, but according to the provisions of Art. 4.1, para. 4 it characterizes the design acceleration of 
0.1 g for a building with a chimney stack as „a low seismicity domain“ for which „the application of a 
simplified method of seismic design is permitted“ and, consequently, understimates the significance of 
seismic load for such a sensitive structure to a certain extent which is, as shown by the preceding 
computation, near the limit bearing capacity. 

6. Seismic resistance assesment and methods of its improvement 

With regard to the both simplifications of the whole phenomenon of the seismically loaded structure 
(use of response spectra resulting from the analysis of the building and the superposition of higher 
natural vibration modes on the resulting response) the performed computation of deflections and 
internal forces is sufficiently safe. For the dimensioning of the structure the seismic effects were 
superposed on the effects of the dead weight of the structure. According to Czech standards [2] the 
dead load due to the weight of the structure with a load factor 1.1 is superposed on seismic load with a 
load factor 1.0.  
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FIG. 3. Frequency spectrum of displacement response 



 

 

 
According to US standard [1] the dead load incl. the weight of the structure appears in this 
combination with the load factor 1.0. The effects of seismicity are included in the combination with 
the factors of from 0.65 to 1.2 according to the type of material and the loading of the structure, further 
corrected by the ductility characteristics of the structure. 

Should we assess the structure on the basis of the results of the linear elastic analyses without the 
possibility of plastic deformation, this stack structure, thanks to the seismic signal amplification by the 
building on top of which it is mounted, would mildly exceed the boundary of its seismic resistance 
(the yield limit of steel has been exceeded in the foundation element stiffeners). Horizontal excitation 
produces the highest stresses in the foundation element of the chimney stack, viz its vertical stiffeners. 
The effect of seismic design load, amplified by the transmission characteristics of the building, 
produces plastic deformations in the margins of these stiffeners and stress redistribution between the 
stiffeners and the exterior skin plate of the stack foundation element (increase of stress state in other 
stiffeners and the stack skin). According to computation results with the exception of the plasticized 
stiffeners of the most highly stressed foundation part of the stack all other structural parts of the stack 
are stressed by seismic load in the elastic domain of material deformation. On the basis of the given 
seismic load data (Fig. 2) the ventilation stack structure has no significant seismic resistance reserves. 
These reserves can be estimated at some 10 % with reference to material characteristics used in design 
standards. Actual reserves will be obviously somewhat higher due to the introduced conservative 
initial assumptions of stack behaviour under dynamic load and the conservative definition of the 
transmission characteristics of the building forming the basis of the computation of the seismic 
reliability of the ventilation stack. 

The simplest method of improvement of seismic resistance of the ventilation stack is the application of 
higher quality steel (such as S 355) or more thorough stiffening of the foundation element. The latter, 
however, calls for caution, as more significant stiffening of this part of the stack structure would 
produce higher stresses in the stack skin above the foundation element. Another, obviously more 
favourable way of improving the seismic resistance is the change of the whole structural design of the 
stack which can be effected only if the whole structure is still in the design stage. In existing 
structures, on the other hand, it is more advantageous to provide the structure with a dynamic vibration 
absorber tuned to the dominant response frequencies (0.1 and 5.1 Hz), thus reducing their participation 
in the overall response of the structure. 

Table 3. Screw Support Forces [kN]  

Quantity Horizontal Excitation on 
Dominant Frequencies [Hz] 

Vertical Excitation 
[Hz] 

Fmax 
[kN] 

 1.0 5.1 14.5 26.5 18.5 22.5  
Axial Force Nx 82.4 345.2 15.1 2.4 5.9 10.6 502.4 

Tangential Force Qy 15.4 73.6 3.9 1.2 0.1 0.1 106.5 
 

7. Conclusion 

The goal of the paper was to show on an example of the computation of the seismic response of a steel 
ventilation stack structure the advantages of modal analysis with particular reference to the specific 
characteristics of a steel cantilever stack structure which is very sensitive to low-frequency seismic 
excitation.  The analysis has revealed explicitly that in the structure of this type the lowest natural 
vibration mode need not be the dominant mode for the design of the structure, but may be replaced 
with one or several higher modes which determine the seismic resistance of the structure. Particularly 
in the structures the seismic load of which is mediated by the transmission characteristics of another 
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structure (in this particular case the building on top of which the stack is mounted) this procedure is 
very useful for the correct design or assessment of the structure. 
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Abstract. It is now mandatory to seismically qualify the safety related structures and components used in the 
nuclear power plants. Among several qualification approaches the qualification by the analysis using finite 
element (FE) method is the most common approach used in practice. However the estimated dynamic behaviour 
by FE model of a structure is known to show significant deviations from the dynamic behaviour of the ‘as 
installed’ structure in many cases. Considering such limitation, many researchers have advocated re-
qualification of such structures after their installation at site to enhance the confidence in qualification vis-à-vis 
plant safety. For such an exercise, validation of FE model with experimental modal data is important. A 
validated FE model can be obtained by the Model Updating methods in conjugation with the in-situ 
experimental modal data. Such a model can then be used for qualification. However for the reactor in-core 
components such a modal testing and FE model updating may not be straightforward. Hence the complication 
involved in the reliable seismic qualification of in-core components and the advantage of using the FE model 
updating has been brought out in the paper through an example of a typical in-core component – a perforated 
horizontal tube proposed to be installed in a nuclear reactor in India.  
 
1. Introduction 
 
Severe earthquake has a potential to cause damage to the structures. In Nuclear Power Plants (NPPs), 
it is mandatory to qualify the critical structures and equipment to the design seismic loads. The 
qualification procedure is well known. It is generally carried out either by analysis or by test on 
shake-table or by comparison with the past experience. The seismic qualification by the shake-table 
testing is normally very exorbitant and besides such a facility may not be available in many places for 
testing large structures. Testing of scaled down model on available shake-table is another alternative 
but such a scale down model is known to show significant deviations from the dynamic behaviour of 
full scale models and so generally not recommended for the dynamic testing [1]. The most important 
compromise often made during testing on shake-table is that the testing is carried out on single 
isolated structures/equipment without simulating structural connections to the secondary components 
which may change the dynamic behaviour as compared to the 'as installed' structures. Another well 
accepted method for the seismic qualification is purely analytical [2] using finite element (FE) method 
[3-4]. The reliability of the method totally depends on the FE model. An FE model a priori is 
generally not found to be true representation of the dynamic behaviour of 'as installed' structures even 
for structurally simple components. This is because of a number of simplified assumptions made 
while FE modelling, such as for joints and boundary conditions, decoupling of the secondary 
components, etc. Few such case studies are discussed in detail by Sinha and Friswell [5-6] and Sinha, 
Rao and Moorthy [7]. 
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To overcome the above limitations, researchers have suggested few alternate approaches. Moorthy et 
al. [8-9] suggested testing of components by mounting on a railway boggy as an alternative to seismic 
qualification on shake table. The suggested approach has used the excitation induced by the 
unevenness in the railway track during the train journey on the track for the seismic qualification of 
structures. In fact the functional seismic qualification of a Diesel Generator (DG) set, which was too 
large for the shake table facility available in India and may be for many countries in the world, was 
successfully demonstrated by such an approach. Advantage of this approach is that even a large scale 
structure can be qualified during its transportation from manufacturer to the installation site. Other 
alternatives to the analytical method have also been suggested by many researchers [10-14]. They 
have used in-situ modal test data directly for the seismic response estimation. Direct use of the modal 
test data obtained from the modal tests conducted on the ‘as installed’ structure has overcome the 
limitations when using FE model for seismic analysis. However these alternative methods may not 
always be practical for many structural components. Typically the in-core components of the nuclear 
reactors and containments cannot be qualified by the railway track induced vibration and also difficult 
to conduct in-situ modal tests. 
 
The best approach for such components to conduct modal tests on a full scale model to extract modal 
data and use them for updating its FE model. The Model Updating method [15] has now been proved 
to be a reliable modelling method for structures in the field of structural dynamics. One of the 
gradient based sensitivity method used for the present study has been described in Section 2. The 
advantage of such an approach has been presented in the paper through a typical example of a long 
horizontal perforated tube intended for distributing of flow along its length in the core of a nuclear 
reactor. 
 
2. Gradient based Sensitivity Method for FE model Updating 
 
One of the gradient based model updating methods, namely the Penalty Function method [15], based 
on natural frequencies only, is used here to estimate the updating parameters and updating of the 
initial FE model. The vector of updating parameters, [ ]Tpθθθ= ,.....,, 21θ , where these parameters 
could be the boundary stiffness, material and geometrical properties of the structure. The selection of 
the updating parameters generally depends on the physical understanding of the structure and the 
assumptions made in the initial FE modelling. The first m eigenvalues (natural frequency squared) are 

measured and placed in the measurement vector, [ ]1 2, , ,= λ λ λ T
e e e emz . The corresponding 

eigenvalues computed from the FE model are [ ]1 2, , ,= λ λ λ T
c c c cmz . Mode shapes (or 

eigenvectors) may also be included in the measurement vector, although this is a minor extension to 
the approach, and is not considered further. 
 
The eigenvalues may be written as a first order truncated Taylor series expansion in terms of the 
updating parameters, giving the error vector, ε, as [15],  
 

-= δ δ   z Sε θ    (1) 
 

where δθ  is the vector of perturbations in the updating parameters and δ = −e cz z z  is the 
eigenvalue error. Note that it is important to pair the correct modes, which is conveniently checked 
using the Modal Assurance Criteria (MAC) [16]. The Sensitivity matrix, S, is the first derivative of 
eigenvalues with respect to the updating parameters. The element of the sensitivity matrix is 
computed [17] as 

i
j

ci
j

T
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j

ci
ijS φφ
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, (2) 

where λci   and iφ   are the i th eigenvalue and eigenvector. The penalty function, J, is formed as [15], 
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( ) εδ = TJ Wθ ε ε , (3) 
where εW  is the positive diagonal weighting matrix which reflects the confidence level in the 
frequency measurements. It is generally taken as the reciprocal of the variance (the square of the 
standard deviation) of the corresponding measurements [15]. 
 
The vector of desired updating parameters can be obtained by minimizing J with respect to δθ which 
involves the differentiation of J with respect to each parameter, and setting the result equal to zero. 
The perturbation in the parameter vector is then 
 

1−
ε ε  δ = δ  

T TS W S S W zθ  (4) 

 
Since equation (4) is a linear approximation, the method is iterative. A new model with the updated 
values of the updating parameters is generated, and the revised computed eigenvalues and sensitivity 
matrix produced. The iteration process continues until the solution converges. The equation (4) may 
be ill-conditioned and the solution may require regularization. The various forms of regularization 
used in the process of model updatings are discussed by Friswell et al. [18]. 
 
3. In-core Perforated Tube 
 
The reactor vessels of the nuclear power plants are usually massive structure and are supported on 
rigid structure. The earlier experiences show that such vessels have sufficient margin to withstand the 
safe shutdown level of seismic excitation (SSE), however, many of the in core components were 
needed to be addressed adequately. One such example is a long perforated tube designed to carry the 
moderator through it and distribute all along the length of the tube in the vessel. It is a 5m long tube 
which is rolled at both its ends to a 50mm thick side sheet of the vessel to realize a clamped-clamped 
end condition. The perforations on the tube are of different sizes and spaced at different pitches. The 
tube always remains submerged in the moderator. For its design qualification, a full length tube was 
erected in a tank simulating the tank geometry. The schematic of the setup is shown in the Fig. 1(a). 
The tank shown in Fig. 1(a) does not exactly simulate the reactor core. However, the setup was useful 
in estimating the influence of fluid mass on the tube dynamics and the modal damping of the tube by 
conducting the modal tests. These two parameters are expected to closely agree with the as installed 
values. 
  
The experimental modal data generated for the tube in the setup and an FE model for the tube in the 
setup was developed. The deviation in the initial FE model was then updated by the gradient based 
sensitivity method [5, 15] using the experimental modal data so that the updated FE model fully 
reflect the dynamic behaviour of the tube in the setup. Once this model was achieved, the model was 
then used to simulate the expected boundary conditions in plant and then for response estimation by 
the response spectrum method. Such an approach will certainly give a much closer estimation of the 
actual behaviour. 
 
4. Modal tests 
 
The modal tests were conducted on the tube when the tank was empty (non-submerged condition) as 
well as when the tank filled with water (submerged condition) [19]. The impulse response method 
was used for modal tests [20].  A typical experimental frequency response function of the tube under 
submerged condition is shown in Fig. 2. A single degree of freedom circle curve fit method was used 
on the experimental frequency response functions to extract the modal properties. The identified 
natural frequencies for first three flexural modes are listed in Table 1. The measured modal damping 
at the first three modes under submerged conditions is 3.66%, 1.96% and 1.20% respectively. 
 
5. FE modelling and Model Updating 
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An FE model of the tube in the setup was developed. Two node Euler-Bernoulli beam element (each 
node with two DoFs – one translational and other rotational) was used to model the perforated tube 
and the extended portion of the pipe on either side of the tube. Since the object for the study was the 
tube, the tank and its supporting structure were not included in the FE modelling, however their 
effects on the dynamics of the tube were considered by providing the translational and rotational 
springs of stiffnesses 1k  & 2k  at the location of the tube support at the side plate of the tank. A 
translational spring element of stiffness ( 3k ) has also been used on either side extended pipe to 
simulate the stiffness effect of the connected piping. The FE model is shown in Fig. 1(b). To account 
for the inertial and stiffness effects due to the large number of holes distributed all over, thickness 
equivalent to the volume of holes was removed uniformly from the inner diameter of the tube in each 
element of the FE model. Since the material and geometrical properties of the tube and the extended 
pipes were known exactly, the boundary stiffnesses, 1k , 2k  and 3k  in the FE model were then 
updated by the gradient based sensitivity approach using the experimental modal data of the tube in 
air. Sinha et al. [21] give the details of the updating of this setup.  
 
The computed natural frequencies, listed in Table 1, for the updated FE model are much closer to the 
measured frequencies for the non-submerged tube, hence the updated model becomes a true 
representative of the tube behaviour in the setup. On this updated model the effect of water on the 
dynamics of the tube under submergence was included as the added mass. The added mass of the 
water was estimated according to the formula suggested by Sinha and Moorthy [19]. The computed 
natural frequencies are listed in Table 1 for the submerged tube which are close to the modal test 
frequencies, and hence highlighting the potential of the updated FE model. The updated model can be 
confidently used for design qualification and design modification of the tube. 
 
6. The reactor conditions 
 
The estimated values of the boundary stiffnesses during the process of the model updating are also 
listed in Table 1. As can be seen in Table 1 the rotational boundary stiffness ( 2k ) tends close to zero 
indicating that the outer tank which supports the tube is not providing any rotational constraint to the 
tube. Since the tube is supported by the side plates of the tank, which is not sufficiently thick, the tube 
may be expected to have free rotation at support. The small value of the translational stiffness ( 1k ) 
indicates that the tank supports are flexible and allowing some deflection. However the tube boundary 
conditions would be much different in the reactor. The thickness of the side plates in the reactor is 
sufficiently thick (50mm) to restrict the rotation of the tube as well as the tube is expected to have 
zero deflection at rolled joints. Hence to simulate the plant conditions, the values of boundary 
stiffnesses - 1k  and 2k  are increased to higher values to realize the clamped-clamped conditions of 
the tube as in the reactor. The computed natural frequencies for the tube in the reactor are listed in 
Table 1. The stiffness 3k  would not influence the dynamics of the perforated tube in the reactor, 
hence the value of 3k  was assumed to be same as setup.  
 
7. Seismic response estimation 
 
The updated FE model was used for the seismic response estimation for following two conditions. 
 
7.1. The perforated tube in the setup 
 
As can be seen from Table 1, two flexural modes – 12.23 Hz and 32.76 Hz are below 33Hz and these 
frequencies are nearly same in both horizontal and vertical directions due to symmetry feature of tube 
and its supports in the setup. The tube lower mode in axial direction was found to be much above 
33Hz and hence not considered. The maximum mass is participating at 12.23Hz and negligible mass 
participation at the second mode 32.76Hz. The 3.66% of modal damping measured at first flexural 
mode in the test setup can be used conservatively for the seismic analysis. It is because the excitation 
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used in the modal tests was much smaller compared to the seismic design load [22-23]. Hence the 
measured modal damping is considered to be smaller than the damping expected during the seismic 
event. However for the present case a most conservative design response spectrum at 2% damping 
were used [24]. The response was estimated by the response spectrum method using the maximum 
design response in horizontal direction as shown in Figure 3. The estimated deflection of the tube is 
shown in Fig. 4. The estimated maximum stress due to this deflection is found to be 9.51MN/sq. m at 
the support end. The pipe is perforated and hence the stress concentration factor (SCF) has also been 
conservatively accounted for, though it is not necessary as the maximum stress is at clamped location 
which has no perforation. The SCF is generally available for the perforated plate type structures under 
tension. However during bending, some portion of upper or lower depending on curvature of the tube 
– would be under tension so considering the developed portion of the tensile region as a perforated 
plate, a conservative estimate of SCF was made [25]. The maximum stress including SCF was found 
to be well within the allowable stress limit of zircaloy-2 material. 
 
7.2. The perforated tube in the reactor 
 
The FE model simulating reactor condition was used for the seismic response estimation. As can be 
seen from Table 1, the first flexural mode of the perforated tube is at 13.88Hz and is the only mode 
below 33Hz. It will be same in horizontal and vertical directions due to symmetrical support feature of 
the tube. The response was once again estimated by the response spectrum method using the 
maximum design response in horizontal direction as shown in Figure 3. The estimated deflection of 
the tube is also shown in Fig. 4, which is smaller as compared to the deflection of the tube in the 
setup, and there is no deflection in the extended portion of the tube on either side. The maximum 
stress due to this deflection is estimated to be 9.90MN/sq. m at the clamped end. The clamped-
clamped condition resulted in slightly more stress though the deflection is smaller. The stress 
including conservative SCF is well within the allowable stress limit of zircaloy-2 material. Hence the 
designed in-core component can be considered to be seismically qualified. 
 
8. Concluding Remarks 

The presented study has exploited the strength of the experimental and analytical tools for the seismic 
qualification of the in-core components of nuclear reactors in a realistic manner. In the experimental 
phase the modal tests were conducted on a full scale test setup which may not be an exact structural 
simulation of ‘as installed’ structure. The experimentally modal data were then used to update the 
initial FE model by Model updating method. Once the updated FE model obtained for the test setup, 
the model was then modified to extrapolate the ‘as installed’ condition. The modified FE model 
reflecting the ‘as installed’ behaviour was then used for the qualification. This has been shown 
through a typical in-core component of a perforated tube. In fact the strength of the recently 
developed model updating methods for reliable FE modelling should now be always utilized to 
enhance the confidence in the qualification. 
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Table 1. Natural frequencies of the tube and the estimated boundary stiffnesses of the test setup 

Non-submerged (in Air) Submerged (in Water) Updating 
Parameters Modal Test 

Data (a) 
Updated FE 
model (b) 

% Error 
(a & b) 

Modal Test 
Data (c) 

Updated FE 
model (d) 

% Error 
(c & d) 

Reactor 
Condition 

k1, MN/m 21.63 --- 21.63 ---- 

k2, kNm/rad 0.00 --- 0.00 ----- 

Clamped-
Clamped 
Condition 

k3, MN/m 

N
O

T
 

K
N

O
W

N
 

22.08 --- 

N
O

T
 

K
N

O
W

N
 

22.08 ---- 22.08 

 f1 17.24 18.24 +5.800 12.65 12.23 -3.32 13.90 

Modes f2 46.56 49.95 +7.281 37.12 32.76 -11.74 37.92 

(Hz) f3 103.9 103.8 -0.096 64.06 65.120 +1.65 72.72 

 
(a) The test setup 

 

                              k2                                                             k2 

 
 

 
(b) FE model 

FIG. 1 The test setup of the perforated tube and its FE Model 
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FIG. 2  A Typical Experimental Frequency Response Function of Tube under submerged condition 
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FIG. 3  The design response spectrum in the horizontal direction 
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FIG. 4. The maximum deflection of the tube 
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OBSERVATIONS ON SOME DIFFICULTIES OF REVISING THE 
CURRENT LICENCING CRITERIA AND SCENARIOS ON 
TECHNICAL PROCEDURES FOR SEISMIC DESIGN 
 

 

 H. Shibata† 

 National Research Institute for Earth Science and Disaster Prevention, Japan 

 
Abstract. This paper will deal with the personal observation of the revised works of the Seismic Licensing 
Criteria, which was issued in 1981. This work has been carrying out for two years already. He understands that 
the problem, key issues, may be expressed as “how to establish the scenario” for administrative controlling the 
seismic design to keep the seismic safety of nuclear power plants. Last several months, new events came to us, 
an earthquake, illegal procedure of plant owners, unexpected legal judgment for engineers and so on. The author 
tries to discuss them as well as possible at this moment.   

1. Introduction 

This paper deals with the author’s personal observations and current new issues on revising works of 
the Licencing Criteria of Seismic Design in Japan, which is carrying out as the result of recent 
destructive earthquakes in 1990’s. The summary will be presented at the SMiRT Conference in the 
previous week in Prague. 

Most of the significant issues are related to the new developments of seismology, and also the safety 
concept for public understandings, and also the reflectionof the government policy, “capacity and 
functional requirement in code”. 

As known well, the technical procedure for estimating the input ground motions have been developed 
enough for engineering use, however, the way of estimating its asperity, which is strongly related to 
the ground motions, has not been well established in prior to an event. Therefore, we need to define it, 
as the engineering philosophical view point, as well as the role of time history in design procedure. 

This is one of the key issues, and we have many other points, which we need to make assumption, that 
is, judgment subjectively. We call it as “scenario”, and the author has been discussed it(1) (2) these 
several years, and here, he faces it as one of the key issues of the fundamental attitude of revising 
again. 

To get the public understanding on “Safety” of nuclear power plants, the probabilistic approach should 
be introduced. Even also for the design procedure, it should be used according to PRA specialists, and 
Architect Institute of Japan, AIJ completed their guideline(3) for it.. On the other hand, the probabilistic 
concept is difficult for engineers to be understood as well as for the public, if it takes a significant part 
of seismic design. 

In Japan, the Criteria of the design is considering to be applied to an only newly constructed plant. 
However, some of them are already 30 years old or more. Especially, even rather new plants have a 
problem of stress collosion cracking, SCC. For the safety of existing plant, we try to introduce 
“seismic maintenance criteria” in very near future, but it is a key issue whether or not we introduce it  
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the maximum magnitude in a certain region has been changing as mentioned, and the distance “5 km” 
of two ends of separate faults has not a strong theoretical reason at this moment. Those are examples 
of a practical method. 

The principles described in the Licensing Criteria are very often one dimensional matter like a 
distance of both ends of two separate faults. But, if it will be related to dynamic simulation for the 
design, we need initial conditions and boundary condition along space and time. This might be called 
“Scenario”. Of course, the term “scenario” is original for the literary world like drams. We, engineers, 
introduce this terminology to our field very often. The author likes to develop the discussion on the 
term “Scenario” in the following chapter, as he described in his papers(1) (2) in last year, such as IAEA 
workshop in Istanbul. There might be other significant issues, he will add some of them later. 

3. Significant points of discussions of seismic licensing criteria 

Significant Points, which we have been discussing since 2001, are divided into the following sectors: 

(i) How to bring the design principle from facts which we observed? 
(ii) How to assume the design criteria from unknown phenomena and facts? 
(iii) How to treat those for the design practice, stochastic or deterministic? 
(iv) How to prove the stochastic approach by facts such as results of field observation, field test and 

laboratory test? 
(v) Do public believe the subjective judgment by engineers based on stochastics?  That is, the 

stochastic data for the design practice are “facts” for the public? 

The seismic design is to keep the safety of a plant under a condition induced by a natural phenomenon. 
We don’t know the complete behavior of a structure under this condition completely, therefore, we 
must estimate its behavior for the design. This estimation comes from the subjective judgment done by 
engineers, and we must explain that it would be adequate for the safety for the licensing procedure, as 
well as to the public. 

The key issues of our discussions are based on the following points; “stochastic or deterministic” and 
“multi-scenarios or the worst”. The discussion “stochastic or deterministic” has been clear, except the 
proving procedure. For the second approach, the author explains the concept of “scenario” in several 
occasions. Main subjects are categorized as follows: 

(i) For the estimation of ground motions; the “scenario of asperities and stress-dropping process”. 
(ii) The non-linear response of structures; the choice of practices. 
(iii) The characteristics of structural elements, that is, material property; file of material data, and 

their stochastics 
(iv) The hidden fault; the worst assumption approach. 
(v) The load combination; file of stochastic data and experience. 
(vi) The classification of importance; scenario of accidental events of a plant. 

The points i), iv) and vi) are subjective, and in addition to them, “factor of importance” is also a part 
of subjective matters in the Licensing Criteria. 

On the other hand, the selection of analytical methods, such as (ii), is completely a practical matter 
supported by error analysis. 

4. Subjective judgment and facts 

Usually the design condition is decided by the facts which we know. Design basis earthquake was 
decided by historical records in early 1960’s, but soon after, we introduced the concept of “upper-
bound earthquake” as S2 for evaluating their safety margin. And the development process is explained 
in the following chapter. 
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At first, 128 sequences of leakages were selected from the combinations of 23 parameters with Monte 
Carlo method. These consequences were examined to meet with the normal distribution. Then to 
reduce the number of cases, 8,760, of meteorological conditions to meet the above number of cases, 
they classify the weather sequence to significant cruster in the view point of the possibility of 
occurrence and its actual field situation. Assumed several types of sequences to be most effective in 
the area for evaluating “Fatal Risk”, then picked 144 sequences from the selected types by Monte 
Carlo method. They checked their stochastic distribution to meet the requirement as its shape. Then 
they combined these two procedures, the results are almost smoothly distributed in the mean, but the 
shape of 99% confidence distribution is biased in Fig. 3B. It comes from the second step on the 
selection after subjective process by crusting meteorological sequences. 

Asperities and stress-dropping process of a active fault near to NPP will be assumed based on the 
situations. However, there is no guarantee that is the worst case, by the subjective judgment or so as to 
the 99% confidence case and so on by a purely random model. If we have some actual fault near by 
NPP, its asperities are two dimensional pattern, and its times sequence of stress-dropping process, is 
also three dimensional one, as illustrated in Fig. 4. Usually, the result of the generated time history is 
evaluated by its peak acceleration, or 5% of response spectrum, but no guarantee that is the worst for 
the failure. Series of scenarios have no or very few significance as a view point of the stochastic 
distribution, and a generated hazard curve through this process has no stochastic significance like the 
case of “Fatal Risk” in Fig. 3B. 

5. Deterministic approach and probabilistic approach for the public 

The concept of “Safety” is evaluated in probabilistic sense, like 99% confidence and so on, as 
described in previous chapters. “SMA” practice: “Safety margin assessment” is also explained in 
probabilistic sense similar to this. 

However, in Japan “SMA” is described in a deterministic sense, such as 

“SMA” = 
Failure limit of  specimen

Expected worst load
 

Of course, both values should be the same dimension, for example, bending stresses of a beam, and so 
on. 

“SMA” in the sense of Japan, can be demonstrated for the public, even there was a doubt, such as what 
is “the expected worst load”? But it is easy to understand it for the public. On the other hand, it is 
difficult to explain for the public how we understand “99% confinces of load” and strength, or 
probability of exceeding a load over strength is less than 1%. This type of discussion is still 
continuing, and it is unsolved subject in relation to public understanding. In general, the public is 
preferring the concept of “the worst”, but there is a problem governed by a subjective judgment as 
mentioned, and the public may have the doubt that engineers hide something behind. 

6. Design criteria and maintenance criteria 

A current topic in Tokyo area is the shortage of electric power supply in this coming summer. It would 
come from SCC of shroud ring and main piping of BWR in Tokyo Electric Power Co. and other ones.  
Last several years, these cracks gradually increasing in operating plants, and some of them have been 
replaced, but some have not been reported to the Ministry of Economy, Trade and Industry, METI. 
Currently most of NPPs in TEPCO are enforced to stop their operations by the legal penalty or to 
replace action of it or to re-examine it. 

The Japan Society of Mechanical Engineers, JSME had been working to establish the second version 
maintenance criteria by November, 2002, and it will have been approved by October 2003 by METI. 
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Then, existence of SCC would be allowed based on the new criteria. The author needs to discuss more 
on legal situation, however, in this article, he wouldn’t. 

As the view point of earthquake engineers, the margin, by defined through this proposed criteria, 
would be too low at the end of inspection period compared to the margin for newly constructed plant. 
Upto now, the principle of us, all plants after annual inspection should be safe as a new plant. This has 
been fundamental legal philosophy of “safety” in various practical engineering fields in Japan. It is 
one of the key issues how to balance the seismic safety margins between a new plant and aged plants 

The author believes that it should be done to establish “seismic maintenance criteria” as soon as 
possible in consideration with the seismic hazard curve. 

7. Recent topics affected to new criteria 

Recently two following events might have some effect to our current works, even one of them is legal 
one. 

7.1. Court Trial on FBR “Monju” 

On January 2003, the judgment was made for the confirmation that the license for the construction of 
Proto-type FBR “Monju” is not effective by Nagoya high court. In this judgment, the judge described 
that the Government must examine more details of safety of the plant, even the probability of 
occurrence is expected to be low. The definition of this term “low” is different from the engineering 
sense. The judge mentioned three possible events, such as melting down of reactor core and so on.  
For him these events would be possible without the discussion of the probability of occurrence.  
Moreover, it is the problem that the court has a right to judge the adequacy of scientific, engineering 
matters by themselves. 

For the licensing procedure, they, the Japan Nuclear Fuel Cycle Development Institute, the former 
PNC excluded these scenarios by the engineering judgment, because this type of core meltdown would 
be induced by the functional failure of all protection devices would loose their functions in parallel. 

However, the judgment of the judge in this case is very peculiar for such engineering judgment, that is, 
even it would be very low probability of occurrence, if we can describe the “scenario” or if there 
would be a doubt, the result of this process should be examined and evaluated for the licensing of the 
plant by NSC. In this statement the following obligation in general, if the scenario exists, the 
occurrence of an accident or event might be feasible, and the process of events should be examined 
anyway.  And NSC should discuss it, and it should be proven if the result of evaluating its discharged 
energy could not be higher than that in the hazard report. Or, the consequences caused by its 
discharged energy should be evaluated under this higher energy condition. The judge only designate 
that NSC should be examined it, and they should not reject those issues with engineering judgment. 

The author doesn’t want to discuss whether or not this discussion is adequate, because it is a kind of 
legal problems. But he wants to mention that the judge in the court assured an arbitral scenario based 
on his subjective judgment, and developed the process after the initial event, and charges the 
responsibility to engineers for “proving” that the arbitral scenario in his mind would be no effect for 
keeping the safety of NPP. 

As far as the seismic design, if the design bases earthquake, a part of the scenario using for seismic 
design, could be chosen under the subjective judgment without the objective discussion of its level 
under a certain procedure, which will be designated by the licensing criteria and the following 
procedure. 

According to one of Professor Emeritus of Law School, Nagoya University(7), it is a minor opinion 
that the court can judge the practical details of engineering matter such as the points discussed in the 
trial. Most of Lawyers that the court only judge whether or not reasonable enough the action of 
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administrative office or Nuclear Safety Commission or their regulatory code itself. The judge is 
following the major opinion, but actually he treats judges the practical matters. This might come from 
the current social tendency, and he personally criticize the administrative office or NSC in his mind. It 
is important to understand the attitude of the judge in the Nagoya High Court. 

7.2. Deep Earthquake M = 7.0 and Seismic Scram of a unit of NPP 

In the evening of May 26, M = 7.0 earthquake induced a seismic trigger signal in Onagawa #3 Nuclear 
Power Plant, ABWR, 825 Mwe, Tohoku Elect. Pow. Comp.. This has been the first case in Japan, 
where the operating plant is enforced to shut down by the seismic trigger signal, since 1960’s, the first 
nuclear power plant started. 

This event occurred at 18:24 JST, May 26, 2003 at 71 km depth near to the Pacific coast of North-
eastern part of Honshu Island near the city of Sendai. In some area, Intensity VI, JMA-Instrumental, 
approximately, MMI VIII, was observed Fig. 5. 

In the afternoon of May 27, no death was reported, and twelve were heavily injured. Two hundred 
forty houses, mainly wooden houses, were collapses. Short columns of the elevated bridges of 
Tohoku-shinkansen and other local railway were damaged with shear cracks and outside concrete 
plants, covering re-bars which were removed. They temporary reinforced them by graphite-fiber sheet 
or metal sheet, and they re-start their operation in the evening of May 27. One of the features of this 
high peak acceleration ground motions brought surface rupture, removing surface crust on buildings, 
and moltal covered cliffs with them. 

The maximum instrumental record in 1,111.6 gal EW in Oga-cho and 1,038.5 gal EW in Kamaishi-
city, which was famous for the first Iron industry town in Japan, by the K-net of National Research 
Institute for Earth Science and Disaster Prevention, NIED. In some stations, records in deep well, 100 
m, were higher than those on surface. The distribution of JMA Intensity V and VI was spread to wide 
area, eleven prefectures, that is, approximately 300 km to north and south. Even in Tokyo, walking 
persons on the street recognized it. The author was moving by bus and couldn’t recognize it during the 
earthquake in Tokyo. 

Such peculiarities of this earthquake brought their effects to four nuclear plants surrounding areas. 

As the title of this section, we have had the first case of the seismic scram of an operating unit, the 
Onagawa #3, ABWR unit. Its peak acceleration at the basement was more than 200 gal EW, and this 
value seemed to cause the seismic trigger. A trigger level in the guideline is 0.8 ~ 1.0 S1, but it is 
different plant by plant. In this case it is 200 gal. The number of houses is the total block-out was 
approximately 35,000, but it was recovered until 23 hr. of the night. There were several minor 
incidents. One of them was small leakage of water is the branch of the main steam line from a join for 
discharge to a filter system in lower operating level of the reactor. It is not clear whether or not this 
loose gasket was induced by the earthquake. 

In the late evening on May 27, Onagawa #3 was restarted. 

Two plants, on Fukushima #1, 6 units and Fukushima #2, 4 units were  150 km south of the epicenter. 
More incidents were observed in Fukushima #1, approximately 10 km north than Fukushima #2, the 
most significant incident was seismic scram signals of unit #1 and #3, even those units did not operate. 
At the basement of a unit, the peak horizontal acceleration exceeded 100 gal and vertical one was 
approximately 40 gal.  S1 of this plant is 180 gal.  In Fukushima #2, in some unit, vibration high signal 
of a pump shaft was observed. But more number of minor unusual matters were observed in 
Fukushima #1. 

Pressure in transformers became high by sloshing of oil and the release values were open at these 
plants. At Miyagiken-oki earthquake-1978, several rupture discs of transformers in this area were 
elapsed, and to recover them, it took several hours. And the situation has been improved. 
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In Kashiwazaki-kariha plant, high-level signal of fuel pool water was reported, even it is 
approximately 300 km from epicenter. Most of information above is informal, but some data can be 
found in the HP of Tohoku E.P.Co.. 

If we will employ the empirical method, it is a problem how many kinds of attenuation equation 
should be introduced into the technical guideline. Whether several ones according to the seismic 
situations or one or two with some uncertainties, this earthquake in May gave us some direction with 
the case of Kushiro earthquake(8) and new attenuation relation, as shown in Fig. 6. However, more 
important matter is our knowledge for natural events is improving day by day, and how we find and 
pick it up for engineering prctice. 

It is a typical example, above-mentioned, the information on the distribution of Intensity, the 
attenuation of acceleration of this earthquake was lower than ordinary earthquakes in some direction 
along the plate. The focus was 71 km depth in the slab subducting. In such a case the attenuation of the 
ground motion waves along the slab is lower than attenuation in average case. This has been discussed 
after Kushiro earthquake-1993, and a new attenuation relation was presented recently in Figs. 5 and 6. 
This is one of the significant key issues for the Licensing Criteria. 

Another key subject which we recognized is whether or not the seismic scram is an “incident”. After 
the seismic signal and shutdown, it is not clear whether or not the operator of this plant can restart it 
without detailed inspection and permission by the METI. If it would not be adequate, the Nuclear 
Safety Commission can advise the METI. 

The guide for the set-up of seismic trigger signal indicates that is should be lower than S1, and might 
be 1.0 ~ 0.8 of S1. However, it is applied 150 gal to some plants. This value is corresponding to that 
for petro-chemical industries. In 1987, Off-Boso-peninsula earthquake triggered more than one fourth 
of petro-chemical-engineering plants. Boso-peninsula is located on the east side of Tokyo bay, and 
there were approximately 400 plants categorized to equip the seismic trigger system for the seismic 
safety. Some of the plants had minor troubles induced by the results of seismic trigger in them, and 
only one event was categorized as an accident. The required level at the foundation is 150 gal, but the 
original event was malfunction of an emergency power system, and developed into leakage of chlorine 
gas. 

If the trigger level would be set also 150 gal for nuclear power plants, the activation of seismic trigger 
system might be only an alarmed state, and it is one of the state of daily operation and it is not 
categorized in an incident. However, if it would be near to S1, some seismic induced abnormal events 
might occur in the plant. Anyway, the author believes, the seismic trigger signal should be categorized 
as the case which would require the examination through the plant, and the evaluation of damage 
index like calculation of usage factors or other indexes of safety significant elements. And the level 
shouldn’t be too low to prevent additional events induced by the shut down. 

As we discussed in some occasions like a Workshop in Korea, IAEA, we must discuss the guideline in 
this regard as soon as possible. 

8. Concluding remarks. 

The works for revision have been still continued, and some new key issues have come to the author 
with various events surrounding us including the seismic event and the development of seismology. 
Even though, we must conclude this type of works as soon as possible. According to our progress, the 
author also recognized some issues in relation to legal problems. 

                                                      

The author wants to mention that direct transration of the Japanese ”Licencing Criteria” is ”Guideline for 
Licensing”, but the author has been using the term “Licencing Criteria” according to the actual operation in 
NSC. 
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In principle, the fundamental principle must be described in the Licensing Criteria without technical 
details. In this article, the author described some critical points, on which we are facing in our 
committee works, and how to modify the previous one to more systematic form, especially in relation 
to the technical guideline to follow the Criteria. One of the reasons comes that the Government newly 
issued the policy that the technical requirement from the government should described only qualitative 
and functional requirements. 

In addition to these subjects, there are many practical points. One of them is the requirement to keep 
their structural and functional safety upto its end of life. This one, “life through seismic design” is a 
new issue, as well as that “post seismic inspection” shall be in the Licensing Criteria not only for 
technical guidelines 

As the description of some criteria in the Licensing Criteria are simple, but to realize it as the practical 
design, it might be complicated sometimes. As a technical viewpoint, some, very practical points are 
significant for actual design procedure. One of the points is adaptability and another is economical 
reasoning. How to describe those points briefly in the Licensing Criteria is a technique for drafting it. 

Technical guideline, JEAG 4601, which will be revised according to the revision of the Licensing 
Criteria, should be revised within one or one and a half year, and it might be more than 1,500 pages. 
The English version of JEAG 4601-1987(8), main part of the technical guideline is 922 pages. This 
work would be very heavy over-burden for us. After concluding the current works, another big jobs 
are waiting for us. 

 

The author apologises for the current version still being a draft and the additional materials will 
be handed to the audience at the presentation. 
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Abstract. In this paper historical Spanish regulatory practice on seismic revaluation of nuclear power plants 
from a site point of view is presented. The Spanish NPP´s vintages are very different (the oldest plant started his 
commercial operation in 1968 and the most recent did it in 1988). Applied plant seismic design has followed the 
state of the art of the knowledge at each moment, including for the oldest plants latter reevaluations to ensure a 
seismic level for safe shutdown according to current regulations. More recent approaches to know existing 
Seismic Margin beyond design basis has been performed for all together plants. Also results obtained from those 
reevaluations programs and plant improves adopted are presented. A simplified overview of current Periodical 
Safety Review licensing process followed in Spain, and some trends for future plant life extension from a site 
point of view are showed.  
 
1. Introduction 
 
In Spain there are 12 nuclear facilities under regulation: 
• Nuclear Power Plants in operation. There are 9 reactors in 7 different sites: José Cabrera, Santa 

María de Garoña, Cofrentes, Almaraz (2 units), Ascó (2 units), Vandellós II and Trillo. 
• Nuclear Power Plants under decommission. One plant, Vandellós I located beside Vandellós II, is 

in dismantling process. 
• Other fuel cycle facilities in operation: There is one fresh fuel factory named Juzbado, and other 

facility named El Cabril licensed like Low and Medium Radioactive Waste Disposal. 
The principal characteristics of the operative Spanish nuclear facilities, as well as their licensing dates 
relevant from a seismic point of site view, and geographical and seismic environments are shown, 
respectively, in the following Tables 1, 2, and in Figures 1, 2 and 3 located at the ended text. 
 

Table 1. Main data of Spanish Fuel Cycle facilities 

Facility Type Location 
(Province) Capacity Origin of 

Technology 
Relevant 
Permits 

JUZBADO Fuel to BWR, 
PWR and 

VVER 

Juzbado 
(Salamanca) 400 

UTn/Year 
U.S.A. 
Spain 

Dec. 1980 

VANDELLÓS I NPP under 
decommission 

Vandellós 
(Tarragona) 480 Mwe France 

GCR  

Nov. 1989 
Jan. 1998 

EL CABRIL LMRW 
Disposal 

Hornachuelos 
(Córdoba) 60.000 m3 France 

Spain 
Oct. 1989 

                                            
1 Consejo de Seguridad Nuclear of Spain (CSN). The opinions expressed in this paper are those of the author and do not 

necessarily represent the CSN position. 
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Table 2. Main data of Spanish NPP´s under operation 

NPP Reactor Location (Province) Power 
(Mwe) 

Origin of 
Technology 

Previous 
Permit 

Construction 
Permit 

JOSÉ CABRERAa 
Almonacid de Zorita 

(Guadalajara) 160 U.S.A. - PWR 
Westinghouse Mars 1963 June 1964 

S. Mª GAROÑA 
Stª Mª de Garoña 

(Burgos) 466 U.S.A. – BWR3 
MARK I – G. E. Aug. 1963 May 1966 

ALMARAZ, I Almaraz (Cáceres) 930 U.S.A. - PWR 
Westinghouse Oct. 1971 July 1973 

ALMARAZ, II Almaraz (Cáceres) 930 U.S.A. - PWR 
Westinghouse May 1972 July 1973 

ASCÓ, I Ascó (Tarragona) 940 U.S.A. – PWR 
Westinghouse April 1972 May 1974 

ASCÓ, II Ascó (Tarragona) 966 U.S.A. - PWR 
Westinghouse April 1972 Mars 1975 

COFRENTES Cofrentes (Valencia) 994 U.S.A. – BWR6 
MARK III – G.E. Nov. 1972 Sep. 1975 

VANDELLÓS, II 
Vandellós 

(Tarragona) 1009 U.S.A. - PWR 
Westinghouse Mars 1976 Dec. 1980 

TRILLO Trillo (Guadalajara) 1066 Germany - PWR  
K.W.U. Sep. 1975 Aug. 1979 

 
2. Past practice 
 
To ensure certain margins for plant safe shutdown in the licensing regulatory arena, older Spanish 
plants with earlyb seismic design, were re-evaluated at the end of seventies with USNRC deterministic 
methods (SEP and USI A-46) using 10CRF100 criteria in a similar way of the current licensing 
practice. Those plants, José Cabrera and Santa María de Garoña, were seismically designed at the 
beginning as Table 3 shows, and the seismic design of newer 10CFR100 plants is shown in Table 4. 
Seismic design basis of Spanish Fuel Cycle facilities are shown in Table 5. 
 
The implementation of USNRC SEP and USI A-46 programs in older Spanish plants, allowed to 
assess and ensure seismic basis to withstand a SSE level with only one success path of equipment 
needed to plant safe shutdown, and maintaining it for at least 72 hours. Finally, currently licensed 
seismic design basis for José Cabrera and Santa María de Garoña plant sites, are shown in Table 6. 

Table 3. Early Site Seismic Design of older Spanish NPP´s under operation 

NPP Sites SSE PGA SSE Response Spectra 

JOSE CABRERA 0.15g Pseudostatic analysis 

Stª Mª GAROÑA 0.10g J.A.  Blume 

 
 
 
 
 

                                            
a  This NPP must be finish the operation at April 2006, and apply a decommissioning and closure process. 
b  Early means that NPP was licensed before December 1973 date of effective publication of USA 10 CFR, Part 100. 

183



 

  

Table 4. Site Seismic Design Basis of newer Spanish NPP´s under operation 

 Safe Shutdown Earthquake Operating Basis Earthquake 

NPP PGAH - PGAV Spectra PGAH - PGAV Spectra 

ALMARAZ, I II c 0.10g - 0.067g Newmark H 0.05g - 0.033g Newmark H 

ASCÓ, I-II 0.13g - 0.087g Newmark H 0.07g - 0.047g Newmark H 

COFRENTES 0.17g RG-1.60 H - V 0.085g RG-1.60 H - V 

VANDELLÓS, II 0.20g RG-1.60 H - V 0.10g RG-1.60 H - V 

TRILLO  0.12g - 0.085g RG-1.60 H 0.06g - 0.425g RG-1.60 H 

Table 5. Site Seismic Design Basis of Spanish Fuel Cycle facilities 

 Safe Shutdown Earthquake Operating Earthquake 

Facility PGAH - PGAV Spectra PGAH - PGAV Spectra 

JUZBADO 0.15 g Pseudostatic Analysis ----- ----- 

EL CABRIL 0.24g RG-1.60 H – V 0.12g RG-1.60 H - V 

Table 6. Site Seismic Design Basis of older Spanish NPP´s under operation 

 Safe Shutdown Earthquake Operating Basis Earthquake 

NPP PGAH - PGAV Spectra PGAH - PGAV Spectra 

J. CABRERA  0.07 g - 0.047g Nureg/Cr-0098 H 0.035g - 0.023g Nureg/Cr-0098 H 

S. Mª GAROÑA 0.10g RG-1.60 H - V 0.05g RG-1.60 H - V 

 
 
3. Current practice 
 
In the eighties years CSN approved the PSA Integrated Program to be applied, step by step, to all 
operating Spanish nuclear power plants, and with increasing scope in every step. Currently, this 
stepping program has been fully developed in all operating plants, and relating seismic part a seismic 
margin had been obtained for each plant. Some actions to improve plant safety as new sitting seismic 
instrumentation and developing procedures of OBE exceedance and Emergency Plan have been 
implemented. To adjust PSA Integrated Program progress and finishing PSR licensing process, a ten 
years review of seismic part is planned to improve each plant PSHA and reduce analysis uncertainties 
by considering new models, results of research programs and updated knowledge coming from 
worldwide earthquake occurrences.  
 
Under the mentioned Integrated Program, CSN required in 1989 to perform a seismic PSA to identify 
possible plant vulnerabilities by earthquake occurrence beyond design bases (SSE). The GPE 
promoted a single PSHA[1] for the seven Spanish sites to propose a seismic categorization of them 
                                            
c One diesel buildings was designed as CN Trillo with a USNRC R.G. 1.60 horizontal spectrum anchored to adopted SSE PGAH - 

V 
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based on a RLE exceedance, in order to perform a plant seismic PSA through EPRI Seismic Margin 
method indicated in USNRC NUREG/1407 [2].  
 
3.1. Probabilistic Seismic Hazard Analysis - PSHA 
 
To review owner’s proposal, CSN asked for USNRC collaboration and was obtained technical 
advising of USLLNL to carry out an independent review [3], It can be considered like a result that the 
PSHA level elected by GPE is equal to named Study Level 2 in NUREG/CR-6372 [4]. Related to its 
uncertainties, USLLNL advisors performed a sensibility analysis based on other possible 
interpretations of the reality, showing that in Iberian Peninsula known seismicity rates are a greater 
order of magnitude or more than those obtained in his opinion for comparable situations in 
Center/Eastern of USA. The USLLNL peer review showed results more conservative than those of 
owners PSHA (see Table 7), with differences one order greater in five sites, lighting that was not 
modeled in acceptable form the uncertainties, because there are a broaden uncertainties range toward 
the no conservative side. A deeper explanation of the evaluation process is shown in our paper 
presented in an OCDE-NEA Workshop on Seismic Risk [5]. 

Table 7. Composite probability of 0.3g RLE exceedance in Spanish NPP´s. Main results of owners 
PSHA [1]  

NPP Sites Median Mean 85% 

VANDELLÓS, II 7 x 10-5 9,4 x 10-5  1,5 x 10-4 

ASCÓ, I – II 4,8 x 10-5 6,5 x 10-5  1,04 x 10-4 

COFRENTES 3,8 x 10-5 4,6 x 10-5 7,5 x 10-5 

GAROÑA 1,5 x 10-5 2,2 x 10-5 4 x 10-5 

JOSÉ CABRERA 1,1 x 10-5 1,6 x 10-5 2,6 x 10-5 

TRILLO 9,7 x 10-6 1,2 x 10-5 1,9 x 10-5 

ALMARAZ, I - II 4,1 x 10-6 4,8 x 10-6 7,6 x 10-6 

 
3.2. Site Categorization – RLE exceedance binning 
 
Binning has the objective of assigning to each plant a normalized review procedure for an exceptional 
earthquake named RLEd that, unless for the group with reduced scope, it is greater than SSE design 
base. With this purpose a process has been followed that, substantially, consists of ordering plants 
according PSHA results, and grouping each plant in one of established RLE bins: 0'5g, 0'3g (unfolded 
in two analysis with different scope: full and focused) and SSE (whose scope is designated reduced). 
 
Binning criteria proposed by GPE was significantly different from those of NUREG/CR-1407 
required by CSN, since they only used the PSHA mean value and an estimation of CDF (by a 
simplified procedure [6] developed to know the magnitude order of CDF in plants analyzed by SM), 
which was rejected by USNRC. On the other hand, the small sample of Spanish plants, hinders the 
application of method followed by USNRC, consistent in grouping plants depending on their relative 
seismic hazard; but, from the seismic design point of view, Spanish perception of seismic hazard is 
similar to that of CUS/EUS, as shows the equivalence of SSE range adopted in both regions. 
Therefore in Spain was reasonable to compare seismic hazard between both regions, and to use the 
result as binning criterion.  

                                            
d Spectral shapes are defined by USNRC NUREG/CR-0098 median rock or soil spectra. 
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A comparative analysis of the GPE results shows that seismic hazard corresponding to the mean, 85% 
percentile and median of Vandellós II and Ascó I-II plants is greater than equivalent EPRI hazard 
estimates obtained for initially 0,5 binned plants in USA; and therefore be consistent to classify them 
in 0.5g bin. The analysis also shows that rest of Spanish plants would be classified by a consistent 
way in the 0.3g bin and no plants would be categorize within a reduced scope bin, because the hazard 
criterion proposed by GPE to locate a plant in the reduced scope (mean annual probability of SSE 
exceeding is less than 10-4), would be not conservative if is compared with EPRI results for plants 
categorized in that bin, where most of them had a probability of SSE exceeding less than 10-6. In the 
same way, results of USLLNL sensibility analysis confirm a 0.5g bin categorization for Vandellós II 
and Ascó I-II plants, and also a 0.3g bin for Trillo, Almaráz I-II, and José Cabrera plants (even, they 
will raises to 0.5g the binning to Cofrentes and Garoña plants). 
 
That categorization would outlines the need of analyzing the seismic IPEEE through a RLE of 0.5g in 
some plants, which presents the difficulty of developing in-depth a scope that in that time was not 
been still performed; and also in Spain this analysis is conditioned by a distant perception of that 
seismic hazard (strong earthquakes have not happened since year 1884). This recommended to 
elaborate a proposal that will improve in a effective way the current situation of the Spanish plants, as 
compared to a severe accident initiated by earthquake, instead of other type of proposals with more 
requirements, that will delay the discussions in the regulatory arena and retard in time the analysis of 
each plant and his possible vulnerabilities detection. 
 
The adopted solution was to accept, as a reasonable minimum, the owners PSHA results and, taking 
into account them to categorize all the Spanish plants in the 0.3g bin to apply a Seismic Margin 
method. Alternatively it was proposed to Spanish GPE the option of accomplishing a specific seismic 
PRA. All this together with the encouragement on research projects and subsequent PSHA updating 
with a level of confidence adequate to decision making. Like paragraph 3.1, a deeper explanation of 
evaluation process is shown in reference [5]. 
 
3.3. Plant review 
 
To assess plant seismic risk, the GPE chose the EPRI method (see EPRI NP-6041-SL [7]) as Seismic 
Margin approach. This method take into account only some basic safety functions (reactivity control, 
reactor coolant system pressure control, reactor coolant system inventory and decay heat removal) 
because if those are preserved, core damage and radioactive release are very unlikely. EPRI method is 
based on a review of systems success path to define and evaluate in two separate paths (preferred and 
alternative), the capacity of those components beyond SSE to bring the plant a stable condition and 
maintain it for at least 72h.  
 
With the SM method, systems analysis is much simpler than PRA, but are not integrated to generate 
PRA type results: instead of looking for a core damage frequency, SM looks for the level of earthquake 
below which core damage is very unlikely; and the difference between that seismic level and plant’s 
earthquake design basis (SSE) is called seismic margin. This margin of the plant seismic capacity is 
measured in a conservative way as HCLPF which is usually given in units of PGA. 
 
The main result of the EPRI system analysis is a list of components (equipments, distribution systems as 
piping and cable trays and structures) subject to evaluation named Safe Shutdown Equipment List 
(SSEL), what typically in Spanish plants has between 300 and 400 items. Preliminary analysis to narrow 
the initial numbers of paths to required two, should begin with the fuller systems set. After SSEL has 
been determined, RLE seismic demand was calculated as floor spectra to develop structural response. 
That was been done for each building fundamental period by scaling SSE to RLE floor spectra, from 
SSE free field/floor spectra scale factors, what is an acceptable procedure to rock sites.  
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Following step was to inspect all plant SSEL components with a reasonable accessibility and moderate 
environment radiation; but first to do was reviewed for each component its documented configuration, 
anchorage drawings and seismic qualification, to carry out a preliminary assessment of its capacity and 
to support judgment of the walkdown team. Some times collect this information was difficult, specially 
in the oldest plants. After walkdown only remained in SSEL components whose HLPF was lower than 
RLE, and plant to plant his list number varied from 15 to 40. Once list components HCLPF were 
computed, was assumed that searched plant HCLPF capacity is given by the component with smaller 
capacity. Spanish plants results showed that the average number of components with a capacity below 
0.3g RLE is about five and they usually include vertical atmospheric tanks, electrical equipment such as 
relays, and anchorage details. That list is another relevant result because these components are 
individual plant seismic weak links, and they will focus any future programs of modifications with the 
goal of increasing the safety of the Spanish nuclear power plants.  
 
On the other hand, SM walkdown usually had found many housekeeping issues related with seismic 
spatial interactions and a considerable amount of small things to be fixed, what had carried out by the 
owners shortly. Nevertheless, in latter CSN walkdown carried out some years after, housekeeping 
problems similar to those found during SM walkdown (unanchored equipment near cabinets with 
essential relays, equipments on wheels near safety components, new cabinets placed close to safety 
cabinets without being tied to them, gas bottles without seismic ties, etc.), were found as result of, or 
due to, the absence of some kind of seismic training for maintenance and operation staff, perhaps as 
consequence of the lack of plant staff involvement in the seismic revaluation process.  
 
As result, all components of both, preferred and alternative, systems success paths will be included in 
periodical Maintenance Rule inspections to assure its preview seismic response, and also to help 
prevent a possible plant safety degradation due to plant modifications and components replacement. 
Obtained Spanish plant capacities and its main weak links founded are shown in Table 8, and a deeper 
explanation of the evaluation process is shown in our paper presented in an OCDE Workshop on 
Seismic Re-evaluation of all Nuclear Facilities hold in Ispra, Italy[8].  
 

Table 8. Seismic Margin assessment of Spanish NPP´s under operation 

NPP Reactor Construction Permit SSE HCLPF 
Capacity 

Seismic weak links 

JOSÉ CABRERA June 1964 0.07g 0.16g Vertical tanks 

S. Mª GAROÑA May 1966 0.1g 0.17g Vertical tanks 

ALMARAZ, I July 1973 0.1g 0.20g Vertical tanks 

ALMARAZ, II July 1973 0.1g 0.20g Vertical tanks 

ASCÓ, I May 1974 0.13g 0.16g Inverters, relays 

ASCÓ, II Mars 1975 0.13g 0.16g Inverters, relays 

COFRENTES Sep. 1975 0.17g 0.28g Relays 

VANDELLÓS, II Dec. 1980 0.20g >0.30g Vertical tanks 

TRILLO Aug. 1979 0.12g 0.24g Anchorage details 
 
3.4. Site Research Program – R&D 
 
According plants PSHA results, CSN has promoted from 1996 six research projects to assess in a better 
way the seismic hazard uncertainties in all Spanish nuclear sites. Performed projects to improve the 
knowledge on basic seismic matters and develop new techniques of analysis are shown in Table 9. Until 
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now, the total budget for this projects is around 1.3 million €, and the results will be considered in plants 
PSHA updated with expert opinion following the guidelines reflected in USNRC NUREG/CR-6372. 
 

Table 9. Spanish research projects  

Projects Main Objectives 

SHISTO2-SIGMA 
To assess the current/recent Iberian Peninsula main stress field 

DAÑOS 
To collect a worldwide data base of accelerograms  

DATACIÓN 
To develop age dating methods adequate to fault dating in 
Mediterranean environments 

SEGMENTACIÓN 
To research techniques to justify fault segmentation  

PRÍOR 
To assess Iberian Peninsula main faults and seismotectonic features 

EXPEL 
To develop a code adequate to run plants PSHA 

 
3.5. Plant Seismic Instrumentation 
 
Seismic PRA results addressed new and higher perception on the earthquake occurrence probability in 
Spain, and forced to review and improve the existent seismic instrumentation systems in Spanish 
NPP. Previous status of each plant on this item was the following: oldest plants (José Cabrera, Stª Mª 
de Garoña) have been from the beginning non seismic instrumented plants, and the rest (Almaraz I-II, 
Ascó I-II, Cofrentes, Vandellós II, and Trillo) were full equipped according USNRC R.G. 1.12. But 
these systems, in general, did not let to analyze seismic records in an automatically and quickly way, 
and its resolution was limited (it could reach till 0,05g in some plants) if comparing to PGA of plants 
OBE.  
 
On the other hand, free field sensors were sitting outside plant buildings, but were not free of 
structures influence; verification and calibration tests of seismic systems as required by Technical 
Specifications (TS) did not have well comparing with new digital systems, including cost (economical 
and radiological); type and instruments number needed to be tested. After twenty years operating, 
availability of elements and components was limited. 
 
Therefore a cost/benefit program to improve the seismic instrumentation of all plants was planned 
under Periodic Safety Review licensing process, and seismic monitoring systems have been full 
renewed in all Spanish NPP´s, and OBE border conditions have been formally established in a clear 
form in plant licensing documents and technical procedures. Updating process has tried to improve 
the knowledge on potential plant vulnerabilities if an earthquake higher than OBE occurs, and also try 
to implement some improvements with reasonable cost.  
 
Implementing this action requires to get new digital systems, sitting instrumentation on free field, and 
to develop procedures to quickly assess an OBE exceedance, like it is recommended in USNRC 
regulatory guides 1.12, rev. 2, and 1.166. Plant owners endorsed these guides and proposed a full 
change of their seismic monitoring system instrumentation, what includes a review of the plant 
Technical Specifications. Some instrumental improvements like universal time reference or higher 
resolution than 12 bits was recommended by CSN. 
 
Seismic monitoring synchronization by universal time makes possible to use free field and structure 
records in a larger way through future seismic re-evaluations, or future new designs in the same site. 
That improvement can reduce uncertainties on source location, path distance, and site effects of the 
recorded earthquake. Constraint these uncertainties is important if near field earthquake occurs (in 
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moderate seismicity areas like most parts of Spain it’s usual to have low seismic monitoring coverage 
by national network agencies, and the resulting resolution in location can be limited). 

Table 10. Seismic monitoring systems in Spanish nuclear installations 

 Original System Current System 

Nuclear Site Status Supplier Resolution Accuracy 

JOSÉ CABRERA None Geosyg 19 bits 4 x 10-6g 

GAROÑA None Kinemetrics 18 bits 8 x 10-6g 

ALMARAZ  I – II Full RG-1.12, rev.0 Kinemetrics 18 bits 8 x 10-6g 

ASCÓ I – II Full RG-1.12, rev.1 Syscom 12 bits 5 x 10-4g 

COFRENTES Full RG-1.12, rev.1 Syscom 12 bits 5 x 10-4g 

VANDELLÓS II Full RG-1.12, rev.1 Syscom 12 bits 5 x 10-4g 

TRILLO Full RG-1.12, rev.1 Kinemetrics 18 bits 8 x 10-6g 

EL CABRIL Free field Geosyg 24 bits 1 x 10-7g 

 
Other improvement was to place seismic monitoring with a global resolution larger than 12 bits. This 
resolution is good enough to analyze strong earthquakes records, but it’s limited if small quakes 
occur, just those in the same level than OBE in areas with low/moderate seismicity like Spain. 
Resolution of 12 bits can be also limited to analyze low fore and aftershocks of the main. Some plants 
(Ascó I-II, Cofrentes, Vandellós II) have its Seismic Monitoring System supplemented by a 
seismograph (in the same way El Cabril will install an broad band seismograph). Table 10 inserts 
decommissed and current seismic monitoring systems status in Spain, and a deeper explanation can be 
read in a paper presented in a OCDE-NEA Workshop hold in Istanbul [9]. 
 
3.6. Emergency Plan 
 
If an earthquake occurs the Spanish Emergency Plan must be activated according with the associated 
event severity. Helped by the seismic monitoring systems, it is easy to link event severity and each level 
of Emergency Plan, if considering the seismic design basis of nuclear installations and those previous 
site PSHA results. Spanish nuclear installations have established four emergency levels: 
• Pre-Alert. Envelope any event associated with potential plant safety degradation. Is the lowest 

Emergency Plan level, and is adopted if an earthquake under free field OBE level will occur. 
• Alert of Emergency. Envelope any event with a potential or effective plant safety degradation 

effect. In a practical way will be adopted if an earthquake exceed the free field OBE level, and 
safe shutdown is required by Technical Specifications. 

• Site Emergency. Any event associated with potential or effective lost of important safety 
functions needed to public protection. It must be adopted if an earthquake above the free field 
SSE level happens. 

• General Emergency. Any event with potential or effective degradation or damage of the core, 
with possible lost of containment integrity. This severity match with the seismic margin obtained 
for each Spanish plant in operation. 

 
4. Periodic safety review and life extension trends 
 
In a similar way than USA, the Spanish NPP’s licensing process had been regulated from the beginning 
by a Provisional Exploitation Permit (PEP) and a Definitive Exploitation Permit (PED), like was 
reflected at 1972 in the first Spanish Rule of Nuclear and Radioactive Installations. During initial nuclear 
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test, PEP was done for one year, and after that, it was done for cycles of operation (refuel periods); later 
it was extended for more years. In 1981 licensing process to give the PED to the first generation plants 
was initiated, but only was done for Vandellós I (from April 1982 to April 2003). Other application to 
Almaraz I-II plant had an evaluation delay and his application was rejected because CSN stopped this 
licensing process after Vandellós I fire accident happened in 19th October 1989.  
 
Vandellós I fire was initiated in the main turboalternator group nº 2 and was followed by an internal 
flood with lost, through both events, of equipments needed to cool the reactor which was manually 
shutdown without risk to public and workers. In April 1990 a CSN report showed required technical 
conditions needed to plant restart. Later, the Spanish Authority conclusions showed that the plant 
modifications needed to accomplish CSN conditions, were so expensive from a economical point of 
view, and Vandellós I PEP was stopped in July in a permanent form. In year 1992 was initiated a 
program to decommission and closure the plant. In the same year it was reported to Spanish Parliament 
the CSN objective of implement a Periodic Safety Review (PSR) each ten years in all nuclear power 
plants operating in Spain. 
 
In 1995, was published the Safety Guide 1.10 Periodic Safety Review, and CSN linked to give the Permit 
of Exploitation with performing a PSR of the plant like other EU (European Union) countries. In Spanish 
Rule of Nuclear and Radioactive Installations, published in 1999, PED was eliminated and established 
that authorizations to NPP’s exploitation will be done for a specific time windows, what today is ten 
years to match with the PSR licensing process. Furthermore, Spanish Authority has the faculty of 
imposing, if necessary, new license conditions or modify the existing ones. One year before ending a 
permit of exploitation, license conditions require to present a plant PSR which include, among others, to 
analyze the applicability of new regulatory requirements of the countries from which their basic 
technology has been imported. Operating permit renewal for a new term is based mainly in a full success 
results of the PSR evaluation. Deeper explanation of the regulatory aspects of life extension and 
upgrading of NPP’s appears in reference [10]. 
 
Currently all operating Spanish nuclear power plants have Authorization of Exploitation for ten years, 
except Trillo (will be done at the end of year 2004) and José Cabrera which only has an Authorization of 
Exploitation for three years (until April 2006 when it must be finished the operation and develops a 
decommissioning program), because that time period has been considered by CSN as acceptable to 
plant safety according plant PSR results. Figure 4 shows the Spanish plants chart of current and future 
exploitation authorizations, and we can see that except for Santa María de Garoña plant, the rest of 
Spanish plants have at least two PSR licensing process before his life extension.  
 
Licensing basis are changing in the time as result of regulatory activity and applicants initiatives, and the 
objective of these modifications is to maintain the safety levels initially required to licensed plants. This 
changing is expressed by additional requirements related with plant operation and resolution of generic 
issues of safety, like seismic risk, with reasonable confidence. Nevertheless, seismic knowledge has 
some uncertainty and in some cases his assessment depends on extensive research and future earthquake 
occurrences. In agreement with USNRC NUREG-6372, a ten years period review can be adequate to add 
the state of the art of the seismic knowledge or new research results through expert opinion. Seismic 
Margin results can be a good tool for focus efforts to improve existing PSHA in the next PSR by 
updating. In all cases, effort will should made to also capture site effects uncertainties. 
 
A special review and updating of Spanish NPP´s design basis was initiated in 1997 and completed in 
2001 by plants. His scope tries to leave in reliable place mechanism to retain design basis for each plant. 
From a site point of view, my shelf proposal for Spanish NPP´s with an application to life extension 
should require to collect in a clear and systematic form his seismic design and licensing basis and update 
plants PSHA, in order to check easily the accomplishment of license requirements under the most 
advanced seismic knowledge. If CSN foresees increased requirements in a PSR scope plant to his life 
extension, also will be necessary to update Spanish PSHA to check if plant seismic hazard is high 
enough (for instance, higher than Spanish NPP´s average of SSE exceedance mean results), to justify a 
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plant upgrading by strengthen of its design basis removing SM identified weak links, to enlarge plant 
seismic margin on cost/benefit basis.  
 
5. Conclusions and learned lessons 
 
 1) The available PSHA results on Spanish plant sites reflect that the uncertainties have not been 

fully captured and his review each ten years to incorporate new data, research results an seismic 
models can be considered time adequate. To develop only a PSHA for all sites is a good idea 
because there have homogeneous criteria and plants review are easier; but its necessary to be 
careful with uncertainties consideration and his propagation into PSHA. A peer review is an 
important action to evaluate the results, but it is preferable to develope it during the execution 
of the PSHA to facilitate a more easy regulatory acceptability of the results.  

 Some indicators can be used to weight the capture variability in PSHA, for instance the 
Coefficient of Variation ) COV = σ/mean (Cramer [11]), or the mean/median ratio. The former, 
goes from 0 (good knowledge) to 1 (poor knowledge) and second index can rise upper 10 if 
uncertainties are recognized. 

 
 2) SM results has shown Spanish plants HCLPF seismic capacities ranging from 1.2 to 2 times the 

SSE (previous experts opinion ranging 1.9 to 2.3SSE), and an average number of components 
with a capacity below 0.3g RLE of about five (they usually include vertical atmospheric tanks, 
electrical equipment such as relays, and anchorage details). Also, plants walkdown have found 
housekeeping issues related with seismic spatial interactions. 

 
 3) Seismic PRA results addressed new and higher perception on the earthquake occurrence in 

Spain, and some cost/benefit actions had been take in all Spanish NPP’s in operation, like to 
improve its seismic instrumentation systems, to develop Technical Specifications and 
procedures for plant OBE exceedance or trigger Emergency Plans, and also perform R & D 
projects to better asses the seismic hazard. To prevent plant safety degradation, components of 
preferred and alternative systems success paths, as same what housekeeping issues, will be 
included in periodical inspections. 

 
 4) Performing a PSR each ten years can be an adequate period to add the state of the art of the 

seismic knowledge by expert opinion in existing Spanish plants PSHA; and Seismic Margin 
results can be a good tool to focus the needed efforts for updating plants PSHA.  

 
 5) Related to plant life extension, a site point of view should require to collect in a clear form his  

seismic design and licensing basis, to check easily current license requirements accomplishment 
under the most advanced seismic knowledge. But if CSN foresees increased requirements in a 
PSR scope plant, should be update the Spanish PSHA to check if plant seismic hazard is high 
enough, to justify a plant upgrading by strengthen of its design basis enlarging plant seismic 
margin on cost/benefit basis.  
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ACRONYMS 
 
BWR  Bowling Water Reactor 
CDF  Core Damage Frequency 
CUS  Central United States 
CSN  Spanish Nuclear Regulatory Body 
EPRI  Electrical Power Research Institute 
EUS  Eastern United States 
GPE  Spanish Plants Owners Group 
HCLPF High Confidence of Low Probability of Failure 
IPEEE  Individual Plant Examination of External Events 
KWU  Kraft Werke Union 
LMRWR Low and Medium Radioactive Waste Disposal 
NPP  Nuclear Power Plants 
OECD-NEA Organisation for Economic Co-operation and Development-Nuclear Energy Agency 
PED  Definitive Exploitation Permit 
PEP   Provisionnel Exploitation Permit 
PGA  Pick Ground Acceleration, or Zero Period Acceleration 
PRA  Probabilistic Risk Assessment 
PSA   Probabilistic Safety Analysis 
PSR   Periodical Safety Review 
PSHA  Probabilistic Seismic Hazard Analysis 
PWR  Pressured Water Reactor 
RLE  Review Level Earthquake 
SEP   Systematic Evaluation Program 
SM   Seismic Margin 
SSE   Safe Shutdown Earthquake 
SSEL  Safe Shutdown Equipment List 
USLLNL United States Lawrence Livermore National Laboratory 
USNRC United States Nuclear Regulatory Commission  
USI   Unresolved Issue  
VVER  Eastern Countries Pressured Water Reactor 
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A REGULATORY VIEW OF SEISMIC EVALUATION IN THE UK 
 

 

 J.A. Donald, P. Ford 

 Nuclear Installations Inspectorate, United Kingdom 

 
Abstract. The UK has developed extensive experience of the seismic evaluation of existing Nuclear Power 
Plants (NPPs) and other Nuclear Facilities within the Periodic Safety Review (PSR) process. The regime of 
nuclear regulation in the UK is based on a goal setting approach and has encouraged the various licensees to 
develop the most appropriate methods to achieve an adequate level of seismic safety. Lessons learned for 
complex nuclear facilities with no previous seismic design, include the need for a tightly controlled project based 
approach, focussed on delivery of safety enhancements in a phased manner. Another lesson has been that 
management systems to maintain seismically evaluated equipment are required to ensure that the newly 
established seismic resistance is not undermined by inadvertent interactions or poorly conceived maintenance.  
The first round of reviews resulted in deterministic seismic safety cases being developed for NPPs. For the 
second round in addition to confirming the ongoing validity of previous work, the regulator is looking for the 
licensees to use probabilistic safety assessment (PSA) to confirm that the seismic evaluation has achieved both 
the deterministic targets and the probabilistic targets as described in regulatory guidance [1] and [2] and to rank 
further contributions to seismic risk reduction. As the use of seismic assessment methods by non-reactor 
licensees evolves, there is likely to be a divergence between the approaches, which will reflect the wide diversity 
of non-reactor facilities existing in the UK. 
 
1. Introduction 
 
The inventory of NPPs within the UK includes a wide variety of type and forms of reactor plant. The 
majority of the NPPs are gas cooled, with a single Pressurized Water Reactor (PWR) station at 
Sizewell. All of the early gas cooled reactors including both Magnox and Advanced Gas cooled 
Reactors (AGR’s) were designed and built with no seismic design basis. The most recent AGR’s and 
the PWR were designed to resist seismic loading as well as the many other design load conditions. 
 
The development of the nuclear chemical plants preceded and has continued in parallel with the power 
reactors in order to provide a complete range of services to all UK reactor systems. In addition to the 
civil programme there are several military nuclear sites in the UK providing manufacturing facilities 
for nuclear weapons and facilities related to nuclear submarines. As for the NPP’s, the more recent of 
these facilities were designed for seismic loading, although many of the earlier facilities have now 
been subject to seismic evaluation. 
 
Many of the original nuclear facilities are now no longer operational and are either in a state of care 
and maintenance or actively being decommissioned. This includes a number of early Magnox reactors 
that have reached the end of their economic lives. 
 
2. Regulatory regime 
 
The Nuclear Installations Inspectorate (NII) regulates all of the UK NPPs. In addition, it also regulates 
the research reactors and other nuclear research facilities as well as fuel manufacturing, reprocessing 
and storage facilities. A non-prescriptive licensing regime was chosen so that responsibility for safety 
is left with the licensee [5]. The law which underpins the regulatory regime including, [3] and [4], also 
enshrines the concept of a goal setting regulator. The lack of prescription from the regulator is 
intended to allow the licensees to develop suitable methods which they fully understand and adopt 
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because they are 'owned' by the licensees themselves. Non-reactor facilities in particular benefit from 
this goal setting approach because of the wide diversity of plant types that are in existence in the UK. 
 
3. Nuclear power plants 
 
Periodic Safety Review: The PSR process, on a cycle of no more than 10 years, is firmly established 
in the UK nuclear licensing regime; all of the Advanced Gas Cooled power reactors have completed 
their first PSR, and the PSR for the pressurised water reactor at Sizewell is currently being developed 
as it has not yet reached ten years of operation. A section of the completed PSR considered the ability 
of the facility to resist hazard loadings, both those included within the original design and those which 
were not part of the original design basis.  
 
The PSR has therefore in some cases provided the impetus for the licensees and the regulators to 
consider seismic loading. As noted above, in many cases within the UK, this has resulted in an initial 
seismic evaluation of an existing facility which had no seismic design basis. 
 
The early PSR’s identified that shortfalls were present for seismic loading at many of the NPP’s. In 
order to justify continued operation, interim seismic safety cases were developed to establish a 
minimum seismic resistance. These interim cases were subsequently improved using deterministic 
evaluation methods to establish a long term seismic safety case for each facility. Developing these 
long term seismic safety cases typically takes a period of 4 to 6 years with extensive evaluation and 
modification programs, some of which can be tied to periodic inspections or maintenance shutdowns 
of the reactors. 
 
Interim Seismic Safety Cases: Some of the older NPP’s in the UK required significant modifications 
to establish long-term seismic safety cases. In these cases, interim seismic safety cases were 
established at the end of the PSR process with a program of work then extending into the 10 year 
lifetime of the PSR to deliver the long term seismic safety cases. For the interim seismic safety cases, 
most UK licensees adopted a deterministic approach which delivered a single line of protection to trip, 
shutdown, hold down and post trip cooling for a frequent seismic event. This frequent seismic event 
was defined using a piecewise linear design spectrum anchored to a peak ground acceleration of 0.10g, 
expected to occur about once in 1000 years for UK average seismicity [6]. It should be noted that the 
single line of protection still maintains redundancy, diversity and segregation wherever possible. 
 
Long Term Seismic Safety Cases: For the long term seismic safety cases, most UK licensees have 
adopted a deterministic approach which delivers a single (bottom) line of protection to trip, shutdown, 
holddown and post trip cooling for an infrequent seismic event. This infrequent seismic event has been 
defined using 10-4/year Uniform Hazard Spectra (UHS). A second line of protection has also been 
sought for a more frequent seismic event, usually defined using the piecewise linear spectrum 
anchored to 0.10g as above. This second line of protection has been evaluated on the basis of 
reasonable practicability. In some cases, therefore, the licensee has presented a fully seismically 
qualified second line of protection, in other cases, an argument has been presented that the costs and 
risks of the re-evaluation of the second line of protection outweigh the risk reduction benefits gained.  
 
4. Non-reactor nuclear facilities 
 
With respect to seismic loading, the non-reactor plant licensees assess their facilities in a broadly 
similar way to that of reactor plant, although there can be significant differences of detail. Indeed, it is 
the non-reactor licensees that have been substantially responsible for the development of seismic 
assessment methods in the UK. 
 
BNFL: BNFL have developed a plant safety case document called a Continued Operations Safety 
Report (COSR), which comprehensively addresses all hazards, including seismic. The seismic input at 
Sellafield is defined in terms of a site-specific Design Basis Earthquake (DBE) level – either 10-4/yr 
(0.25g) for new plant or 10-3/yr (0.125g) for existing plant – tied to a conservative broad band 
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frequency response spectrum appropriate to the site conditions. Structural and mechanical systems that 
contribute to nuclear safety are assessed deterministically against the DBE level. Thereafter the 
ALARP principle is applied and any reasonably practicable improvements to seismic safety of the 
plant are identified, again deterministically. In addition, a beyond design basis assessment is 
undertaken in which the COSR demonstrates, again deterministically, that there is no significant 
increase in plant risk just beyond the DBE level. 
 
Other Non-Reactor Plant Licensees: The BNFL approach is typical of the approaches taken by other 
non-reactor plant licensees. There are differences in detail from licensee to licensee that reflect the 
different mix of plant types they have to consider. For example, many of the smaller nuclear sites have 
not undertaken a site-specific seismic hazard assessment, using instead a UK generic DBE level 
(usually 0.25g), or adapting the results of one or more published hazard mapping studies to give a 
representative site-specific value. 
 
5. Lessons learned 
 
Seismic re-evaluation of a large and complex facility such as a nuclear power plant is a major project. 
There are usually redundant and diverse trains of safety related Systems, Structures and Components 
(SSCs) to provide the following functions: trip; shutdown; holddown; post trip cooling; post trip 
monitoring; and spent fuel management. The complexity of achieving all of this simultaneously can be 
immense and there are many examples where improvements to one system or function can affect 
others. 
 
In the UK it has become apparent that a strategy which aims to deliver improvements by a system 
based approach can help provide safety benefit on a stepwise basis rather than waiting for all of the 
benefit to be achieved only at the end of the project. This benefit can only be realised if interim safety 
cases are updated and any plant operational controls are appropriately implemented. The system based 
approach involving station ownership requires tight project management and good control of the 
technical issues, it also requires a forward look to identify dependencies between systems and to 
identify potential difficulties in advance. 
 
Lessons have also been learned in the inspection, testing and maintenance of seismically qualified 
SSCs. During the PSR process most stations have been able to identify changes to the original design 
basis, in the form of plant modifications, which undermine the previous seismic qualification, usually 
due to recently installed spatial interaction threats or to incorrect maintenance or replacement of 
qualified equipment. A system to minimise the potential for these errors to arise has been developed, 
tied into other maintenance activities. 
 
A further lesson has been the need for final walkdowns at the end of the seismic re-evaluation process. 
What has become apparent is that the large programs of modifications for seismic and other hazards 
arising during the PSR can result in the potential for equipment which was re-evaluated early on in the 
process to have its seismic capability eroded, again usually due to inadvertent spatial interactions. 
Simple final walkdowns to re-confirm the seismic capability of the SSCs have been useful to identify 
potential problems.  
 
6. Future developments 
 
Reactor Facilities: The use and validity of seismic PSA for gas cooled reactors (GCRs) has been the 
subject of research projects in the UK. The use of seismic PSA in the USA and in other countries has 
been reviewed to determine the most appropriate method which can be applied to GCRs. The research 
also reviewed some of the unique SSC's associated with GCRs to determine if realistic seismic 
fragilities can be determined. The research concluded that there are no unique features which would 
make seismic PSA impracticable for GCR’s. 
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Within the next round of PSR, it is envisaged that the licensees will be required to demonstrate that the 
previously established seismic safety cases continue to be robust and that no inadvertent reductions in 
seismic capability have occurred during the operating period. 
 
A program of seismic PSA is also anticipated. Whilst the absolute risk figures calculated from a 
seismic PSA may not be sufficiently accurate to allow direct comparisons with other internal and 
external hazards and fault sequences, they should be sufficiently accurate to demonstrate that seismic 
risks are not disproportionate. Furthermore, it is anticipated that study of the relative contributions to 
seismic risk may identify further improvements to the seismic safety of nuclear facilities, or that no 
further modifications are reasonably practicable. 
 
Non-Reactor Facilities: Currently there are several developments being considered by non-reactor 
plant licensees to improve their assessment of seismic hazard. These include: 
i Seismic PSA – The use of seismic PSA is not widespread for non-reactor plant and when it is 

used, it is in a very simplified form. A licensee is developing a probabilistic method to assist 
with demonstrating that the seismic risk for an individual plant is ALARP. 

ii Uniform Hazard Spectra – The use of UHS is widespread in the UK reactor community but at 
present they are not used for the assessment of non-reactor plant. 

iii Low Hazard Plant – Many non-reactor facilities are of low radiological hazard because of the 
nature of the nuclear material they contain. Some facilities contain a low inventory of material, 
some  such as vitrified waste stores can contain large quantities of effectively immobile 
materials, others with batch processing can handle significant inventories, but only for defined 
periods of time.  This variability makes a single approach very difficult. A licensee is 
developing a method that simplifies the seismic hazard assessment, for example, by considering 
the use of a reduced DBE. The method is not mature at the present time and the licensee is still 
in discussion with NII regarding its development. 

 
The last of these represents a significant departure from the approach used for reactor plant. As the 
development of seismic assessment methods evolves in the non-reactor community, it is likely that 
some methods will differ more and more from their reactor plant equivalents, as they increasingly 
reflect the unique nature of non-reactor plant. The NII is reviewing these developments recognising 
internationally developed guidance in this area. 
 
7. Conclusions 
 
The seismic evaluation of NPPs is a mature process in the UK, which required significant interaction 
between the licensees and the regulator in the early stages to establish reasonable approaches. For 
other nuclear facilities, the process is evolving and greater variations in approaches have been and will 
be adopted. 
 
The outcomes have been NPPs and nuclear facilities which are clearly and demonstrably more robust 
to resist the effects of seismic loadings and movements 
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THE SEISMIC UPGRADING OF PAKS NPP 
 

 

 T. Katona 

 Nuclear Power Plant Paks Ltd., Paks, Hungary 

 
Abstract. A comprehensive program for the evaluation of seismic safety and upgrading of the Paks Nuclear 
Power Plant was started in 1993. It was recognized, that the safety goal of the NPP Paks program has to be the 
design base reconstitution as the plant was not designed for any earthquake loads. At the beginning of the 
program, simultaneously with the site seismic hazard evaluation the urgent and quickly realizable fixes were 
performed, seismic instrumentation was installed, and a procedure was elaborated for the activities to be 
performed after a possible earthquake. Evaluation of the site seismic hazard and definition of the design base 
earthquake parameters were finished in 1996. The concept for the safe shutdown and cooling down of the reactor 
core has been established. The systems, equipment and structures, relevant for seismic safety have been 
determined. Seismic evaluation and upgrading of the systems, equipment and structures has been started in 1996 
and completed in 2002. During the last six years the seismic upgrading program was the most excessive part of 
the overall safety upgrading program of Paks NPP. A level 1 seismic PSA has been performed to evaluate the 
plant safety level with respect to the seismic hazard, to confirm the measures taken and define the week links 
remaining after implementation of complex upgrading. The paper gives an overview of the seismic safety 
program for the Paks NPP. 

1. Introduction 

The problem of insufficient seismic safety of WWER-440/V213 type units at Paks NPP had been 
arising from underestimation of the site seismic hazard and also from the Soviet design practice and 
requirements, which underestimated the safety aspects related to external events. The Maximum 
Design Earthquake (similar to the Safe Shutdown Earthquake) intensity has been established at 5 
grades as to MSK-64 scale (0.025g Ground Peak Acceleration, GPA). Thus the NPP was not designed 
for earthquake loads in accordance with Soviet norms and standards. In the late eighties it was 
recognized, that the site seismic hazard may be much higher than it was assumed in the design.  

The program for the evaluation of seismic safety and upgrading of the Paks Nuclear Power Plant was 
launched in 1993. Main goal of the program was to establish the design basis and to improve the plant 
safety up to the internationally accepted level. The program includes the following tasks: 
− evaluation of seismic hazard of the site, which included the geotechnical survey of the site, 

definition of strain-dependent soil properties, analysis of the soil liquefaction, etc. 
− establishing the safe shutdown and heat removal technology, and development of the of the list of 

the structures, systems and equipment, which are essential to ensure seismic safety 
− installation of the seismic instrumentation and elaboration of the pre-earthquake preparedness and 

post-earthquake actions 
− evaluation of the seismic capacity of systems and structures relevant for safety 
− performing the necessary upgrading measures taking into account the priorities and the feasibility 

of the necessary corrective actions 
− performing seismic PSA to evaluate the safety level of the plant and to confirm the measures 

taken. 
 
The re-evaluation of site seismic hazard was completed in 1996. Subsequently the most intensive 
phase of the program has been started with comprehensive evaluation of the systems, structures and 
components (SSC) relevant for seismic safety, which resulted in excessive upgrading program. The 
seismic upgrading program was part of the overall safety enhancement program at Paks. The declared 
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goals of the safety enhancement program were to improve the plant safety up to the internationally 
accepted level. 250 million USD and significant engineering resources were allocated for the program 
and about 40% of that amount has been used for the seismic upgrades. 2002 was the final year of the 
safety enhancement program. As a result of the implemented measures and modifications the core 
damage frequency has decreased by factor of ten as reported in the paper [1].  

At final stage of the program level 1 seismic PSA study has been started. The objective of the study is 
to quantitatively show the current level of plant safety with respect to the seismic hazard 
representative for the Paks site and to confirm the adequacy and completeness of the seismic 
upgrading measures.  

The implementation of the seismic safety program was harmonized and synchronized to the 
implementation of other safety upgrading measures, which may also affect the seismic safety of the 
plant, e.g. the reconstruction of the reactor protection system or the relocation of the emergency feed 
water system from the turbine hall to a safe position in the reactor building. 

As the seismic upgrading program has been completed in 2002, it is a good opportunity to draw the 
conclusion: what have been done and how have measures influenced the safety of the plan. The paper 
gives an overview of the seismic safety program for the Paks NPP. 

2. The safety concept 

2.1. Design Base reconstitution 

Contrary to the seismic re-evaluation and re-qualification of the operating plants in other countries the 
basic objective of the seismic safety program at Paks NPP was to establish the design basis and to 
enhance the plant seismic safety in accordance with design basis requirements. In such framework, the 
objective was therefore to provide sufficient seismic resistance to safety related SSC when subjected 
to the newly defined Design Base Earthquake (DBE). The basic safety requirements were: to maintain 
the safe shutdown, to cool down, remove the decay heat and to limit the radioactive releases. Defense 
in depth concept had to be applied while meeting these objectives. 

It was recognized by the NPP as well as by the Hungarian Regulatory Authority that complete re-
design and reconstruction of the plant is not feasible and not reasonable applicable. Therefore the 
evaluation methods and experience based qualification techniques justified for the re-qualification of 
the operating plants were adapted as much as reasonable practicable. The design of upgrades complies 
the design base requirements and standards.  

Seismic evaluation of the NPP was carried out for the DBE only. The DBE has been defined using 
probabilistic approach and best estimate DBE parameters might be selected. The earthquake level for 
safe continuous operation could be determined on the basis of the experiences of capacity and 
functionality evaluation of SSC. 

2.2. Safe Shutdown-Cooldown Concept 

In case of Paks NPP a procedure for safe shutdown, cool down and long-term heat removal for NPP 
Paks has been developed. The purpose of this procedure is to 

• identify safe shutdown, cool-down and continous heat removal paths, identify the SSC 
relevant for seismic safety 

• define the requirements for upgrading or qualification of each item included into the list of 
SSC (functionality, stability, etc.)  

• determine operator actions and outline operational as well as administrative procedures and 
provisions required to achieve and maintain safe shutdown conditions following a design basis 
earthquake. 
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Reviewing the seismic safety of plants of older design a reasonable set of requirements and conditions 
have been developed (see in [2]):  

• the plant must be capable of being brought to and maintained in a safe shutdown condition 
during the first 72 hours following the occurrence of the earthquake  

• other external events such as external fire, flooding, tornadoes, sabotage, etc. are not 
postulated to occur simultaneously with the earthquake1 

• internal accidents are not postulated concurrent with the DBE, neither loss of coolant accident, 
nor high-energy line break take place simultaneously with the earthquake 

• the required safe shutdown systems should include one main path and one redundant path 
• the initial plant status before earthquake assumed to be the normal power operation. 

 
Besides of the widely accepted requirements and conditions, specific requirements have to be taken 
into account in relation to seismic design base reconstitution of Paks NPP, e.g.:  

The redundancy of the systems relevant for seismic safety has to match to the general safety 
philosophy of the plant, i.e. 3 times 100% redundancy should be maintained. The heat removal and 
stable reactor conditions are not limited to 72 hours. The amount of the releases from the primary 
system to the hermetic area shall be limited from source side, e.g. by upgrading of the small diameter 
pipelines, etc.  

The shut-down of the reactor and the stable subcriticality could be maintained by reactor control and 
protection system and also the boron system. The cool-down of the reactor could be made by 
secondary side bleed and feed. The decay heat removal could be ensured by the normal heat removal 
system. For this reason minor modifications have to be implemented in the heat removal system 
(called Seismic Safety Technological Modifications and referred to as SSTM hereinafter). The SSC 
and the SSTM items have to be qualified for the new DBE level together with the relevant building 
structures. If necessary the systems should be re-qualified for the actual seismic level by fixing or 
replacement. Those systems or parts of systems being not important for the safety could be separated 
from the upgraded part by quick closing valves. In some cases the ALARA principle had been taken 
into account while selecting the separation or the fixing of a system or part of it.  

An automatic reactor shutdown and other actuation, e.g. large number of isolation valve closing are 
not required. 

While evaluating the capacity of the SSC the seismic interactions have to be considered. 
Consequently, the structures and equipment, which may jeopardize the safety related one, have been 
identified and fixed. 

The concept of reactor shutdown, cooling down and long term cooling will be verified best by a 
seismic PSA.  

2.3. Pre-Earthquake Preparadness, Post-Earthquake Actions 

A seismic instrumentation has been installed on each unit of the plant in 1993. The instrumentation 
consists seismic switches mounted on the base mat, sensitive accelerometers registering the response 
at the characteristic points of the structure, appropriate data collection system and voting logic. Two 
free field stations are installed at the plant too. The hardware would allow adaptation of different 
principles of shut-down of the plant in case of an earthquake. After extensive study of international 
practice the cumulative absolute velocity (CAV) criteria of continuous safe operation had been 
adapted. The necessary data acquisition and evaluation procedures and software have been developed. 
An emergency procedure exists which determines the operator activity after the earthquake. A 
comprehensive guidance was elaborated for assessing the post earthquake situation at the plant. The 
                                                      

1 Fires, floods may result from the earthquake, unless hazard analysis concludes otherwise or upgrading 
measures implemented to reduce the fire or flood risk. 
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applicability of CAV criteria for the continuous safe operation is based on results of capacity 
evaluation of the SSC as well as the experience data behind of the response spectrum and cumulative 
absolute velocity limits [3].  

3. Site seismic hazard evaluation 

3.1. Definition of the DBE parameters 

Geological, geophysical and seismological investigations have been performed for the site (between 
1986 and 1995) [4]. For the evaluation of seismic hazard the probabilistic method has been applied. 
The reason for application of the probabilistic method was the diffuse seismicity of the Pannonian 
basin.  

The 10-4 per annum return-frequency event has been defined as for the design base. The DBE has been 
characterized by best estimate Uniform Hazard Response Spectra (UHRS). The result was compared 
with the 84% confidence level deterministically defined SSE response spectra and a good agreement 
was found. The UHRS has been calculated for the over 5 Million years old Pannonian level, 30 m 
below the free surface. The free field spectra has been obtained by non-linear calculation because of 
the very soft nature of the upper most 30 m thick soil layer (shear wave velocity 300 m/s or less). For 
this reason a state of the art geotechnical survey was performed, including definition of the strain-
dependent soil parameters [5]. A probabilistic approach was applied to assess the uncertainties of the 
soil properties. The horizontal ground peak acceleration (GPA) of the design base earthquake is 0.25 
g, which is ten times greater than it was assumed during the plant design. 

The possibility of the soil liquefaction had to be evaluated [6]. It was found that only the layer under 
the free surface between the depth of 10 and 20 meters is disposed to be liquefying. Calculating the 
return period of liquefaction by a probabilistic method it was found that no global liquefaction could 
be expected in case of a design base earthquake.  

During the re-evaluation of site the most discussed question was, whether the tectonic structures on the 
site had been active during the recent tectonic regime. The conclusion was, that the probability of 
recent activity and the existence of a capable fault is very low. Following the recommendation of 
IAEA NPP Paks established and operated a micro-seismic monitoring network. The data collected 
during last three years has been evaluated in the frame of latest neo-tectonic research results. During 
three years period no micro-seismic event has been registered around the site. Evaluation of the micro-
seismic data confirms the adequacy of the source-models used in the probabilistic earthquake hazard 
analysis, and demonstrates the conservatism of the parameters of the source zones.  

3.2. Easy-fix seismic input 

Prior to obtaining the mentioned above results, a conservatively determined reference level earthquake 
has been defined for the preliminary seismic margin evaluation and design of the urgent and easy-to-
perform fixes (1993-1995). For the qualification purposes the NUREG/CR-0098 soft site, median 
response spectrum was selected for the maximum horizontal acceleration of 0.3 g. Meanwhile for 
design of the fixes the US NRC Regulatory Guide 1.60 response spectrum was used for the value of 
0.35 g.  

3.3. Hazard studies for the seismic PSA 

The probabilistic seismic hazard assessment has been performed for the wide range of recurrence 
frequencies [7]. UHRS at the surface for return periods of 10.000, 100.000 and 1.00.000 years were 
developed. The UHRS development followed the practice and format as per US IPEEE program. The 
surface response is attenuated as the rock spectra increases at longer return periods. Non-linear 
simulation of the soil column above the Pannonian surface has been performed. 
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4. EVALUATION OF STRUCTURES, SYSTEMS AND COMPONENTS 

4.1. As designed Plant features 

There are several design features of the WWER-440/V213 units defining the seismic vulnerability of 
these units. From architectural point of view the plant has a twin layout. The main building complex 
(MBC) consists of reactor buildings, localization towers, reactor sand turbine halls, and gallery 
buildings of the twin units. The reactor buildings of the twin units are placed on a common base mat of 
size 145x52 m and 2 m thickness. The reactor building itself is a set of box-like reinforced concrete 
compartments with overall size of 72 m wide 52 m deep and 18.9 m high. The confinement itself is a 
set of interconnected and sealed box-like compartments designed to withstand internal absolute 
pressure of 0.25 MPa therefore the reinforced concrete walls and floor slabs are of 1.5 m thickness. 
The 40 m wide, 32 m deep, and 40 m high localization tower is also part of the confinement. It is 
attached to the reactor building on the west side. Above the 18.9 elevation there is a steel frame hall. 
On the east side of the building complex the turbine hall is located. It is a steel frame structure of 39 m 
span and the length is about 520 m. A 12 m wide longitudinal gallery building connects the main 
reactor building and the turbine hall. All of important communication lines to the main building are 
placed in this longitudinal gallery building, e.g. the steam line the feed water lines are placed on the 15 
m elevation close to each other. On the south (or north) side of the reactor building a crosswise gallery 
building is attached too. In this building the essential C&I equipment and the control room are located. 
Heavy concrete roof panels cover the reactor and turbine halls and the gallery buildings. The facade 
walls are made usually from prefabricated concrete panels. Masonry walls are separating the different 
compartments in the gallery buildings.  

The reactor, the six primary loops and the horizontal steam generators as well as the safety relevant 
equipment of the WWER-440/V213 units are robust. The equipment vulnerability is mainly caused by 
their anchorage, which is not designed for seismic loads. The pipelines are flexible having low 
frequency resonance’s because of the long runs between fix points and big number of simple and 
spring hangers applied. There are no snubbers in the original design at all. The spatial separation of the 
systems is not consequent. The C&I racks and cabinets, batteries are poorly fixed. The active 
equipment was not qualified for the vibratory motion caused by an earthquake. 

4.2. Methodological considerations 

In selection of the evaluation method a graded approach has been applied in accordance to the safety 
relevance, importance of the structure or component. The most important for the seismic safety SSC 
(safety class 1 and 2) have been evaluated in accordance with the design rules. Otherwise less 
conservative methods justified for the seismic re-qualification of operating plants were applied. The 
cost-effectiveness of the evaluation and upgrades and the required conservativeness of the method 
have been balanced. This approach led to optimum of calculation effort and contributed to the 
optimization of hardware modifications. The methodology selected varies with the phases of the 
program. During easy-fix program simplified and experience based evaluation methods were applied.  

The high-energy pipes have been evaluated by sophisticated analysis, while the low energy and small 
bore pipes by simplified methods.  

In case of mechanical, electrical and I&C equipment the experience-based qualification methods were 
preferred instead of tests. The amount of the qualification by test has been limited as much as possible. 
In case of relays the experience based qualification method was less applicable. The replacement 
electrical and I&C equipment was found reasonable alternative to the re-qualification. Adequate 
seismic qualification is required in case of newly purchased equipment.  

There are two points in the re-evaluation by analysis where certain considerations have to be made for 
limitation of the conservatism, i.e. rational damping value could be selected and the ductility could be 
taken into account. 
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4.3. Evaluation of structures 

Selecting of the re-evaluation method for the building structures a graded approach has to be applied, 
which differentiates between the buildings and methods according to the safety relevance and 
structural complexity. The MBC was evaluated by analysis in frequency domain with no limitation on 
the soil damping [8]. In case of other building structures the frequency independent soil impedance 
functions defined by iterative procedure were used in the time domain modal analysis, where the 
modal damping limited to 15% horizontal, 30% vertical.  

In order to investigate the dynamic behaviour of the MBC in greater detail, a coupled three-
dimensional model including the reactor building, the condensing tower, the lateral galleries and the 
turbine hall was generated. This ensured the real interaction between buildings. The finite element 
model of the main building/turbine hall generated on this basis has approximately 28000 dynamic 
degrees of freedom. It comprises 4700 nodal points, 5400 plate elements and 4600 beam elements [9]. 
The non-structural prefabricated roof and wall panels have been considered as masses in the model. 
Contrary to this the stiffness of the panels was taken in the account in the calculation while calculating 
the dynamic response and checking the capacity of the upgraded structure where the panels are 
working together with the frame structures. For the analysis the computer codes Siemens version of 
SASSI and STRUDYN codes were used. SSI response analysis using three-dimensional coupled finite 
element model had been performed by SASSI code in frequency domain by flexible volume method 
with input motion acting in three orthogonal directions simultaneously. The soil variability was 
accounted, three soil conditions in the SSI analysis, 0.5Gav, Gav, 1.5Gav, where Gav is the average shear 
modulus at the soil strain compatible to the input motion. Floor response spectra were obtained by 
enveloping. In the evaluation the code compliance had been required, except that limited ductility 
taken into account where appropriate. The evaluation of the steel structures was performed in line with 
ANSI/AISC N690, while the evaluation of he reinforced concrete beams and columns was performed 
to ACI 318-89. 

4.4. Piping and equipment 

In the case of NPP Paks WWER-440/V213 units for the dynamic analyses of the reactor primary 
system (loops, steam generators, etc.) a coupled model was developed that comprises the reactor 
building reinforced concrete structure together with the components of the primary system ([9]-[11]). 
The purpose of this model is to provide the less conservative seismic load on the primary system and 
estimates for the displacements for the evaluation of interaction effects. The reactor coolant system 
(RCS) loops as well as the associated components were idealized by means of equivalent piping, 
beams and spring elements. The three-dimensional mathematical model of one loop was connected to 
the model of the reactor building concrete block (RBCB) finite element model. The RBCB supporting 
the primary system was idealized by means of a three-dimensional mathematical model composed of 
quadrilateral and triangular plate elements. The real interaction between the reactor building concrete 
block and the soil on the site is represented by frequency-dependent impedance functions (obtained as 
part of the analysis of the main building complex) distributed over all nodal points of the foundation of 
the RBCB. Three artificial acceleration time histories derived from the site-specific free-field spectra 
were applied simultaneously in order to simulate an earthquake.  

High-energy piping and mechanical equipment other than primary one have been evaluated by 
dynamic analysis. High-energy piping inside the confinement has been evaluated in accordance to 
design procedure (German KTA based). High-energy piping outside the confinement have been 
evaluated by ASME based margin type (Code Deterministic Failure Margin) calculations, ductility 
and realistic damping have been taken into account. The low energy and small-bore piping have been 
evaluated by simplified methods. The Evaluation Guideline used in walk-downs is based on analogy, 
reference cases elaborated by conservative linear stress analysis. The applicability of different codes 
and standards were carefully analysed [12].  
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4.5. Qualification of eqipment 

Experience based evaluation methodologies have been developed for the qualification of the WWER 
type equipment by some contractors (Stevenson Europe, Siemens) involved in seismic re-evaluation 
programs at WWER plants. These methods were used for the qualification of equipment at Paks NPP 
[13]. The screening and fixing of electrical and I&C cabinets and racks were performed during easy-
fix project. Independent review of these measures was included into PHARE Project PH2.04/94 [14]. 

5. Seismic upgrading measures 

5.1. Volume of seismic upgrading works  

The evaluation of the SSC resulted in excessive upgrading program:  
• the steel frames of the reactor and turbine halls had to be fixed by new structural elements 
• the main circulating loops and primary components have been fixed by viscous-dampers 
• the piping and equipment anchorage were improved, new fixes added or viscous dampers installed 
• the cabinets and racks, also the cable trays have been reinforced  
• electrical equipment and I&C have been qualified for the earthquake vibratory motion. 
 
Quantitative characteristics of the upgrading measures are given in the table 1.  

5.2. The seismic safety technological modifications 

Certain modifications of the normal systems have been implemented for the cooling and long-term 
heat removal. They are as follows:  

Modification of primary and secondary circuit: 
• modifications of cooling system of the reactor upper unit  
• increase the capacity of residual heat removal system by doubling its piping 
• preventing the activation of the function of hydro-accumulator 
• emergency discharge of hydrogen and seal oil from the generators  
 
Modification for isolation (the fixed systems or part of systems from the non fixed one): 
• implementation of Control Unit for Earthquake Protection Isolation (CUEPI) 
• changes of the control of existing valves in order to connect CUEPI  
• changes of connection of the existing valves to the safety supply system  
• installing new fast closing electric driven valves 
• installing new manual and check valves 
 
Other modifications: 
• modifications the connections between the external and internal (reactor building and turbine hall) 

fire water system and connect the discharge pipelines of diesel-driven fire water pumps to the 
internal system 

• implementation of control measurements of boron concentration of the moderator 
• modifications of fill-in pipelines of demineralised water tanks  
• installations of analogue alarm in the unit control room from the computerized measurements. 
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Table 1. Quantitative characteristics of the upgrading measures 

Qualification and reinforcement of the given part of the SSC date Volume of work 

Electrical and I&C equipment Easy fix, 
1994-1995 

450 t of steel 
structure added 

High energy pipelines of primary circuit and equipment 1997-1999 250 fixes 

Building structure of the turbine and reactor hall 1999-2000 1360 t of steel 
structure added 

Supporting frames of reactor building at the localization towers 2000-2001 300 t of steel 
structure added 

Other classified pipelines of primary circuit and the equipment 1998-2000 760 fixes 

Classified pipelines and equipment of secondary circuit, fixes of 
supporting steel structures in the turbine hal 

2000-2002 160 t of steel 
structure added 

Classified pipelines of secondary circuit 2000-2002 1500 fixes 

Other classified pipelines and equipment 2001-2002 80 fixes 

 
6. Seismic PSA 

The seismic PSA studies have been started in the final phase of the seismic upgrading program. The 
seismic PSA performed for the plant before essential seismic upgrading implemented would identify 
large number of trivial contributors of risk. The objectives of the seismic PSA was  

• to quantify the safety of the plant in case of an earthquake  
• to confirm the procedure of cool-down and heat removal 
• to judge about contribution to the safety of different measures 
• to review whether some evaluation or design omissions or mistakes exists. 

 
Independent review and identification of evaluation and design omissions or mistakes are very 
important because of extreme complexity of the seismic safety program. 

The seismic PSA was performed using methodologies described in [15] and [16]. Some exceptions 
were made to the standard method of developing fragilities, e.g. simplified non-linear calculations of 
sliding, rocking of un-anchored equipment, collapse of un-reinforced masonry. 

The risk model is primarily composed of equipment that is part of the Safe Shutdown Technology 
Concept as well as the equipment required for containment isolation and integrity In addition, some 
equipment that are part of the normal electrical power supply and power conversion systems are 
included to take credit for the availability of these systems at lower levels of earthquake shaking and 
to assess the consequences of their failure as it may affect SSTC components.  

As per experience the lower half of the fragility curve is the most important in the computing the 
unconditional probability of failure of the individual basic events. Therefore 100.000 years return 
period surface spectrum was selected (higher as the DBE) as the best representation of the surface 
response shape. Since the complete hazard is defined as PGA at rock, the relationship between the 
rock and surface UHRS at the 100.000 year return period have been included into the derivation of the 
structural response factor. Development of structural fragilities includes this transfer function into the 
structural response factor. 
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Calculations using a latin hypercube simulation process were conducted to develop fragility curves for 
incipient liquefaction, gross liquefaction and ground settlements of 5, 10 and 20 cm.  

For components and structural elements that just meet the DBE requirements, the selected response 
spectra shape should provide the highest contribution of risk. As the seismic motion at rock increases 
the response above the soil is attenuated, thus the upper portion of the fragility curves are 
conservative. For very rugged components, the fragility derived is conservative since, the surface 
motion can likely never reach a level high enough to fail the component. 

A few cases were found where design errors and omissions resulted in very low capacities and the use 
of a 100.000 years return period surface spectrum is optimistic.  

The critical points of the main building complex were the steel superstructures of the turbine building 
and the reactor hall. The reinforced concrete reactor block was judged seismically rugged. 

Calculation of the strength factors of various structural elements along the seismic load paths in the 
longitudinal direction revealed that the weakest elements are the existing bolted connections of the 
vertical braced frames of the MBC steel superstructure. The bolted connections of the existing bracing 
members have the lowest strength factor. The critical bolted connections were identified. Failure of the 
bolted connections near the top of the superstructure can lead to failure of collectors. The panels 
cannot react tension loads transferred by the failures of collectors, thus, vertical splitting of structure 
could occur. The strength factors of the most critical elements range from 0.5 to 0.63. There is no 
ductility associated with this brittle failure mode. It is estimated that the composite strength factor of 
0.6 represents the ultimate strength factor for the reactor building superstructure and 0.5 for the turbine 
building. The HCLPF obtained about 0.1g at the bedrock. The total core damage frequency (CDF) is 
about 3*10-4/a. Upgrade of the bolted connections in the reactor and longitudinal electrical 
gallery/turbine hall reduce the core damage frequency (CDF) by factor of 3.  

There are other measures identified as important contributors to the risk such as some masonry walls 
not reinforced before, some untested relays and cabinets, block walls in the Diesel generator building, 
etc. After upgrading of the bolted connections other contributors mentioned above control the CDF.  

Once the errors and omissions in hardware are corrected, it is felt that liquefaction will be the 
dominant contributor. The CDF after completion of the project is equal to 3*10-5/a. 

7. Project organization 

Organization and management of the seismic safety program was a crucial condition of success. A 
dedicated team of plant personal managed the whole program. The team was composed from different 
experts, system engineer, mechanical engineers, civil engineers, electrical and I&C experts. 
Knowledge of modern international practices in the fields of structural mechanics, earthquake 
engineering, seismic and nuclear safety of nuclear power plants were requisites for the qualification of 
the project management team. 

The team applied state of the art project management techniques.  

For the implementation of the seismic evaluation and upgrading program a Quality Assurance 
Program (QAP) had been established, maintained and executed. This was part of the project 
documentation. The QA programs of particular evaluation and upgrading tasks were part of the QA 
system. The QAP address the following most important points:  
• project management; 
• non-conformance control and corrective actions; 
• document control and records, including configuration control; 
• design control; 
• procurement control of items and services; 
• inspection and testing for acceptance; 
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Evaluation and design work could be contracted only to those companies, which are audited and 
qualified by the Paks NPP. These companies shall have ISO 9001 or equivalent to this Quality System. 
Companies performing re-evaluation and design of safety systems class 1 (and 2) shall have 
international reputation and references in design of reactors and primary systems. 

As a specific management tool, a general framework document had been developed on the basis of 
currently applied safety criteria and internationally recognized practice. The idea of this document 
came from a review mission of the IAEA. The technical guidelines developed by the IAEA for seismic 
evaluation of other WWER plants and the criteria document compiled for Paks NPP [17] were used 
while developing the framework document of NPP Paks seismic program. The framework document 
provides basic technical guidelines and requirements for performing each task in the seismic 
evaluation and qualification program. This document is a key tool for the responsible organizations for 
the execution of the program, giving a clear definition to different parties involved in its 
implementation about: 
• safety objectives and requirements to the seismic safety assessment, evaluation and qualification 

programme; 
• a common and integrated technical framework for developing seismic demand, capacity evaluation, 

acceptance criteria and upgrade design methods; 
• applicability considerations for different evaluation methods, design codes and standards. 
 
Thus, taking into account that different organizations performed different tasks of the program, this 
document will provide a unified frame for an integrated and consistent input/output of each one in 
compliance with the final goal of the program, see e.g. [18].  

8. Role of the international co-operation 

The international co-operation and technical was very important for the realization of the seismic 
safety program.  

The IAEA was transferring the best international practice in the seismic hazard re-evaluation and 
upgrading. The IAEA review and follow up missions aided the NPP Paks activity. The tailor-made 
recommendations concentrating on the specific issues of the specific plant are very valuable guidance 
documents. The IAEA research program in this field was very important from the point of view of co-
ordination of the efforts of WWER-440 plants. 

The Commission of the European Communities supported the seismic safety program through its 
PHARE program [4]. The site seismic hazard re-evaluation at Paks NPP was a successful performed 
PHARE project. An other PHARE project supported the qualification of the active equipment of the 
plant [14].  

The help of the Japan government for qualification of the personnel and transferring of updated 
knowledge is also of great significance. Practically the staff of the NPPs and technical support 
organizations involved into the seismic upgrading program took part on aseismic design courses held 
in Japan. The shaking table experiment on the low-pressure emergency core cooling system tank 
performed at National Research Institute for Earth Science and Disaster Prevention in Japan is also a 
good example of support and co-operation. 
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Abstract. The United States Nuclear Regulatory Commission undertook a seismic re-evaluation of all operating US 
nuclear power plants as part of a major safety initiative, which was an outgrowth of a Commission policy issued in 
August 1985, on severe accidents in nuclear power plant. In the policy statement, the Commission concluded, based 
upon the available information, that existing nuclear power plants pose no undue risk to the public health and safety. 
While concluding that the nuclear power plants posed no undue risk, the Commission decided that each existing 
nuclear power plant should perform a systematic examination to identify any plant-specific vulnerabilities to severe 
accidents and report the results to the Commission. For external events, such as, earthquakes, the systematic 
examination was called the Individual Plant Examination for External Events. The guidance for this seismic re-
evaluation listed seismic probabilistic risk assessment and seismic design margins assessment as two acceptable 
procedures for conducting the requested examination. The NRC staff has received and reviewed 70 IPEEE submittals 
representing all currently operating nuclear power plants. Based on this review, the staff has been able to conclude 
that the objectives of the IPEEE have been achieved, in that the licensees have developed a greater appreciation and a 
better understanding of the severe accident response of their plants to seismic initiators. A summary of the 
observations from the 70 submittals is presented. 
 
1. Introduction 
 
1.1. Background 
 
The United States Nuclear Regulatory Commission (NRC) undertook a seismic re-evaluation of all 
operating US nuclear power plants as part of a major safety initiative.  The initiative was an outgrowth of a 
Commission policy statement issued in August, 1985, on severe accidents in nuclear power plant.  In the 
policy statement, the Commission concluded, based upon existing information, that existing nuclear power 
plants pose no undue risk to the public health and safety and that there is no present basis for immediate 
action on generic rulemaking or other regulatory requirement for these plants.  However, the Commission 
recognized, based on NRC and industry experience with plant-specific probabilistic risk assessments 
(PRAs), that systematic examinations are valuable for identifying plant-specific vulnerabilities to severe 
accidents that could be fixed with low-cost improvements.  Therefore, the Commission decided that each 
existing nuclear power plant should perform a systematic examination to identify any plant-specific 
vulnerabilities to severe accidents and report the results to the Commission.  To implement this decision, 
the Commission issued Generic Letter 88-20 in November 1988 requesting that each licensee conduct an 
Individual Plant Examination (IPE) for internally initiated events including internal flooding.  In some 
instances, risk from external events could be a significant contributor to core damage.  In June 1991, the 
Commission requested that each licensee perform an evaluation of external events. 
 
1.2. Objectives 
 
The stated objectives of the IPE were for each licensee: 
1. To develop an appreciation of the severe accident response of each facility, 
2. To understand the most likely severe accident sequences that could occur at the plant, 
3. To gain a quantitative understanding of the overall probabilities of core damage and fission product 

releases, and 
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4. To reduce, if necessary, the overall probabilities of core damage and fission product releases, by 
modifying, where appropriate, hardware and procedures that would help prevent or mitigate severe 
accidents. 

 
The Commission expected that the achievement of these goals would help verify that, at US nuclear power 
plants, severe core damage and large radioactive release probabilities are consistent with the Commission=s 
Safety Goal Policy Statement. 
   
1.3. Individual Plant Examination of External Events 
 
Examination of externally initiated events (e.g., external floods, high winds, and earthquakes) proceeded 
separately on a later schedule: 
1. To permit the identification of which external events need a systematic examination, 
2. To permit development of simplified examination procedures, and 
3. To integrate other ongoing Commission programs that deal with various external event evaluations 

(e.g., the Seismic Design Margins Program. 
 
In December 1987, the NRC formed an External Events Steering Group to provide recommendations to the 
Commission on the scope, methods, and implementation of an Individual Plant Examination of External 
Events (IPEEE).  The Steering Group prepared recommendations covering seismic events, internal fires, 
high winds, tornadoes, and eight other potential external initiators.  (Only earthquake will receive further 
consideration in this paper.)  Based on Steering Group recommendations, the staff published NUREG-
1407, entitled “Procedural and Submittal Guidance for the Individual Plant examination of External Events 
(IPEEE) for Severe Accident Vulnerabilities” in June 1991 [1]. The report was initially released as a draft 
for comment and with a public workshop to explain the content and methodologies of an IPEEE, as well as 
to obtain comment.  
 
The NRC staff recognized at the outset of the IPEEE effort that the external initiators could not necessarily 
be treated in exactly the same way as the internal initiators in the implementation of the Severe Accident 
Policy because the sources and treatment of uncertainties in the estimates of core damage frequencies for 
external and internal initiators can be quite different.  In addition, some methods endorsed by the staff for 
evaluating external hazards and identifying vulnerabilities do not produce estimates of core damage 
frequency.  For example, seismic margins methods produce estimates of seismic hazard levels of high-
confidence, low-probability of failure (HCLPF) for a plant rather than estimates of core damage probability. 
 
Therefore, the staff determined that an explicit estimate of the core damage frequency was not needed to 
meet the intent of the Severe Accident Policy and would not be a condition for the IPEEE.  Thus, the third 
objective above would be addressed only indirectly by some method acceptable for use in the IPEEE.  Not 
withstanding, this change from the IPE the key objective of gaining an understanding of plant response 
through a systematic examination process could be accomplished.  
 
2. Process 
 
The IPEEE was not the first seismic re-evaluation of operating nuclear power plants in the U.S.  The NRC 
recognized the seismic safety criteria had undergone a period of very rapid evolution between the 1960s and 
the mid-1970s during the licensing of the first nuclear power plants.  The Commission initiated the 
Systematic Evaluation Program in 1977 to document the technical bases and criteria for these first power 
plants by comparing them to the design criteria for the power plants currently being reviewed and licensed. 
 The seismic safety of these older power plant was one of the important issues evaluated.  The program 
conducted an evaluation of 11 older power plants, which had been built between 1956 and 1967, against 
then current criteria.  The three most relevant new criteria were Appendix A to 10 CFR Part 50 (General 
Design Criteria), Appendix A to 10 CFR Part 100 (Seismic and Geologic Siting Criteria), and the seismic 
portions of the Standard Review Plan.  This review program and its results provided part of the impetus for 
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the development of techniques to simplify the re-evaluation of seismic issues for existing nuclear power 
plants and by extension nuclear facilities, in general.1 
 
2.1. Acceptable Examination Options 
 
The NRC staff identified in NUREG-1407, “Procedural and Submittal Guidance for the Individual Plant 
Examination for External Events (IPEEE) for Severe Accident Vulnerabilities,” two methodologies 
acceptable to the staff for performing an IPEEE to identify potential seismic vulnerabilities at nuclear power 
plants.  The first acceptable methodology is a Level 1 seismic probabilistic risk assessment (SPRA) with a 
qualitative containment performance analysis.  The second acceptable methodology is a seismic margins 
assessment (SMA).  The staff developed the IPEEE guidance with the recognition that the SPRA approach 
can differ substantially from the SMA approaches in terms of procedures, objectives, results, and the format 
used to present the results.  However, in terms of satisfying the objectives of the seismic IPEEE, both the 
SPRA and SMA approaches involve a systematic, comprehensive walkdown of important components and 
systems and an evaluation of equipment anchorage and spatial interactions.   Both are capable of identifying 
plant vulnerabilities. 
 
2.1.1. Seismic PRA 
 
The objective of a Level 1 SPRA is to provide a measure of the seismic by estimating the core damage 
frequency (CDF) due to seismic initiators.  The SPRA is initiated by estimating the seismic hazard to a 
plant by defining the annual frequency of exceeding a relevant ground motion parameter, such as peak 
acceleration, which can be correlated with damage to critical structures, systems, and components (SSC).   
For each SSC, a seismic fragility curve is estimates in terms of the selected ground motion parameter.  
Conditional failure probabilities of SSCs for various ground motion levels are then used in the Boolean 
logic of the accident sequence analysis to obtain conditional core damage probabilities or a core damage 
fragility curve.  This result is convolved with the exceedance frequency of the hazard estimates to obtain a 
seismic core damage frequency estimate.  
 
The NRC staff has conducted in-depth reviews of previous SPRAs: from these reviews the staff has 
concluded that in certain areas the treatment has been inconsistent or absent. Thus, the staff requested the 
following enhancements for new SPRAs. 
• Plant Walkdowns - performed to find as-designed, as-built, and as-operated seismic weaknesses 
• Relay Chatter - includes components such as, electric relays, contactors, and switches that are prone to 

chatter 
• Liquefaction - the potential for soil liquefaction and associated effects needs to be examined for sites 

with specific soil conditions - impact on plant operations should be assessed for both potential for and 
conseqiences of liquefaction 

• HCLPF Calculations (Optional) - licensees can report plant-level, sequence-level, and component-
level HCLPF values and use this information to support decisions to the identification and listing of 
vulnerabilities 

 
For the use of an existing SPRA, an additional enhancement is recommended. 
• Seismic Hazard Selection - at sites east of the Rocky Mtns that did not opt to use either the LLNL or 

EPRI mean hazard estimates, sensitivity studies should be conducted to determine if the use of these 
results would affect the delineation or ranking of seismic sequences.  Similarly for Western U.S. sites, 
sensitivity studies should be carried out to determine the effect of uncertainty in hazard on delineation 
and ranking of seismic sequences. 

 
The principal products of an SPRA include: 
                                                           
1  The development of probabilistic seismic hazard assessment received considerable momentum at this time as a 
quantitative tool for selecting the order of the next set of older power plants to undergo a review under the Systematic 
Evaluation Program. 
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• an estimate of the seismic CDF, 
• a list of the dominant contributors to the seismic CDF, and 
• a probabilistic plant-level capacity, i.e., a fragility curve. 
 
2.1.2. Seismic Margins 
 
The objective of an SMA is to describe the additional seismic margin nuclear power plants have, by virtue 
of their conservative design, to withstand earthquakes larger than their design basis earthquake, i.e., larger 
than the SSE.  This margin may be defined in terms of the high confidence of a low probability of failure 
(HCLPF) capacity of each of the critical SSCs.  A working definition of the HCLPF capacity is that it 
corresponds to the 95% confidence that there is less than a 5% probability of failure. The plant damage 
state and the plant HCLPF can then be developed by either the an event/fault tree approach to delineate 
accident sequences as in the NRC approach to SMAs or by a systems A success path@ approach developed 
by the Electric Power Research Institute (EPRI). 
 
2.1.2.1. NRC Methodology 
 
The NRC method is based on an event/fault tree approach to delineate accident sequences.  For example for 
PWRs, two safety functions are considered to be most important to plant seismic safety: reactor 
subcriticality and early emergency core cooling.  If these functions are ensured for a given earthquake, there 
is high confidence that core damage would not occur at that level.  Further, in an NRC SMA, systems 
modeling is performed in a manner similar to an SPRA, whereas evaluation of component HCLPF 
capacities may involve a deterministic or probabilistic assessment.  The plant-level HCLPF capacity in an 
NRC SMA is determined from component-level HCLPFs using a Boolean expression for core damage and 
a simple min-max approach (minimum HCLPF among “OR” events, and maximum HCLPF among “AND” 
events).  
 
2.1.2.2. EPRI Methodology 
 
An EPRI SMA involves identifying success paths and finding the weakest link along each success path.  
This approach defines and evaluates the capacity of those components required to bring the to a stable 
condition (either hot or cold shutdown) and to maintain that condition for at least 72 hours. The component 
having the lowest HCLPF capacity comprises the weak links, and they determine the plant-level HCLPF. 
The EPRI SMA calls for evaluation of a preferred success path and an alternate path.  The NRC staff 
recommended that a reasonably complete set of potential success paths be set down initially, rather than a 
very small number, since limiting the number of success paths to quickly can prevent the identification of 
some plant-level HCLPF insights, and mask plant differences regarding defense-in-depth.  The staff 
believed that preliminary analysis to narrow the number of paths to the required two or three should begin 
with fuller set, and it recommended that this narrowing be documented in detail.  For IPEEE objectives, it is 
desirable that, to the extent practical, the alternative path involves operational sequences, systems, piping 
runs, and components different from those used in the preferred path.  
 
2.2. Role of Probabilistic Seismic Hazard Assessments 
 
At the time of the development of the IPEEE guidance for seismic initiators, two highly sophisticated 
probabilistic seismic hazard studies were available for sites in the United States, east of the Rocky 
Mountains.  The development of one was sponsored by the NRC with Lawrence Livermore National 
Laboratory (LLNL) as its contractor; the other was developed by EPRI with the Seismicity Owners Group 
as the sponsor.  For many sites, these studies yield significantly different hazard estimates at low probability 
and high-level ground motions.  There was significant concern among the staff that these differences in the 
seismic hazard estimate could lead to significant differences in IPEEE results.  However, the initial PRAs 
conducted using these two estimate sets indicate that, despite the large differences in the absolute level of 
the estimates, the identification, ranking, and relative contributions of the dominant seismic sequences are 
virtually the same for both the LLNL and the EPRI hazard estimates.  This equivalence is apparently due to 
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the fact that the slopes of seismic hazard curves are not significantly different over those ground motion 
levels that, in conjunction with the fragilities, control the relative distribution of the seismically induced 
core damage frequencies.   
 
In its guidance, the staff warned that there was no guarantee that this would be the case for all sites in the 
eastern United States.  To address this potential issue, the staff noted that while a full seismic hazard 
uncertainty analysis is not necessary in performing an SPRA for the IPEEE, it preferred that the mean 
hazard estimates from the EPRI and the LLNL studies should be used to obtain different mean estimates.   
Further the use of both the LLNL and the EPRI mean hazard curves has another advantage in that the 
extent of uncertainty will become obvious and the emphasis of the bottom line numbers (HCLPF or CDF) 
is reduced. 
 
2.3. Review Level Earthquake 
 
The seismic margins method was designed to demonstrate sufficient margin over the SSE to ensure plant 
safety and to find any vulnerabilities that might limit the plant shutdown capability to safely withstand a 
seismic event larger than the SSE.  The seismic margins methodology utilizes two review or screening 
levels geared to peak ground accelerations of 0.3g and 0.5g.  The specification of the review level 
earthquake2(RLE) for use in carrying out an IPEEE was a complex problem involving a search for 
consistency.  It would have been preferable if the selection of the RLEs were completely consistent with the 
individual plants examinations (IPE) for internal events and the inherent strengths of the seismic margin 
methodologies, but it is very difficult to satisfy all of the elements in any rigorous quantitative sense.  Thus, 
for example, attempting to equate the RLE to the reporting criteria in the IPE (mean sequence frequency 
leading to core damage of 10-6 per year) is fraught with difficulties because of the large uncertainties in 
numerical estimates of seismically induced core damage, the appropriateness of a comparison between 
numerical estimates of seismically and internally induced core damage, and the inherent difficulties in 
relating the output of a seismic margins study (HCLPF) to estimates of core damage (SPRA output).  
 
It was the staff’s judgment that the use of a 0.3g review level earthquake for most of the nuclear power 
plant sites east of the Rocky Mountains would meet the objectives of the IPEEE.  However, all the sites east 
of the Rocky Mountains are not subject to the same level of earthquake hazard.  For some sites where the 
seismic hazard is low, a reduced-scope margins approach centered on a comprehensive walkdown is 
acceptable.  For western US site other than California coastal sites, a 0.5g RLE could be used.  For 
California coastal sites, the seismic margins approach was not available. 
 
2.4. Coordinated Safety Issues 
 
In addition to using the IPEEE process to subsume several outstanding seismic issues, the NRC staff 
recommended that one issue be resolved concurrently with the IPEEE review as a potential resource saving. 
 The first issue is Unresolved Safety Issue (USI) A-46, entitled “Verification of Seismic Adequacy of 
Equipment in Operating Plants.”  This issue was identified during the Systematic Evaluation Program, 
mentioned above.  Equipment in nuclear power plants, for which construction permit applications had been 
docketed before 1972, had not been reviewed according to then current (1980-1981) licensing criteria for 
seismic qualification of equipment.  Therefore the seismic adequacy of the equipment in these older plants 
to survive and function in the event of a safe shutdown earthquake was questionable.  Equipment in plants 
with a construction permit docketed after 1972 was qualified according to the then-current criteria.   The 
affected utilities formed the Seismic Qualification Utility Group (SQUG) to independently assess and 
review the viability of using earthquake experience data and test data to demonstrate equipment ruggedness 
and to provide expert advise and consultation.  This group sponsored the development of the “Generic 
Implementation Procedure (GIP) for Seismic Verification of Nuclear Plant Equipment.”  Following its 
                                                           
2  The review level earthquake is defined as the ground motion against which the seismic portion of a plant=s IPEEE 
is conducted; it is characterized by the peak acceleration used to anchor a NUREG-0098 spectra.  The review level 
earthquake is set above the plant=s SSE. 
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review and acceptance by the NRC staff, ir provided a basis for resolution of the issue.  Because of the 
similarities between the resolution of USI A-46 and the seismic portions of the IPEEE, licensees of A-46 
plants tended to combine the implementation of these two programs. 
 
In 1982, the U.S. Geological Survey identified the possibility of a large, damaging earthquake occurring at 
locations in the eastern US that had not been considered in licensing decisions.  This issue has been referred 
to as the Eastern US (EUS) Seismicity Issue.  It provided a large portion of the impetus for the development 
of the LLNL and EPRI probabilistic seismic hazard assessment methodologies, discussed above.  The staff 
decided and included in the IPEEE guidance that submittal of the seismic IPEEE would resolve the EUS 
seismicity issue without requiring additional analyses or documentation. 
 
The following seismic issues were subsumed by the seismic IPEEE: 
1. USI A-45, “Shutdown Decay Heat Removal Requirements” concerning the adequacy of shutdown 

decay heat removal at operating plants, and 
2. GSI-131, “Potential Seismic Interactions Involving the Movable In-Core Flux Mapping Systems in 

Westinghouse Plants” 
 
3. Results 
 
The NRC staff has received and reviewed 70 IPEEE submittals representing all currently operating nuclear 
power plants [2].  There are more than 70 operating plants in the United States, but sites that have more 
than one plant on a site were permitted to conduct a single IPEEE package if the plants were essentially 
identical.  The staff has been able to conclude that the objectives of the IPEEE have been achieved, in that 
the licensees have a greater appreciation and a better understanding of the severe accident response of their 
plants to seismic initiators. 
 
Most licensees reported to the NRC that they have no specific vulnerabilities, but most did report what they 
called seismic “outliers” or “concerns”.  Most of the plants made improvements to address concerns and to 
improve seismic ruggedness.  The licensees used different definitions of the term, “vulnerability,” and the 
plants that did report vulnerabilities reported the same kinds of problems that other utilities had not called 
vulnerabilities. 
 
Summary of Specific Conclusions and Observations 
 
• Most plants made modifications to equipment and operational procedures, 
• Most plants that completed SPRAs reported seismic CDFs between 10-4/yr and     10-5/yr, 
• The next largest group reported seismic CDFs between 10-5/yr and 10-6/yr, 
• Very few plants reported seismic CDFs that were either < 10-4/yr or > 10-6/yr, 
• SPRA results for older plants were similar, after fixes, to results for newer plants, 
• Plants conducting SMAs reported HCLPF values between 0.12g and 0.3g, 
• HCLPF values predicted to be either equal to or greater than plant=s SSE after taking credit for 

proposed improvements, 
• The dominant contributors to SPRA were: 

- building and structure failure, 
- failures in front-line and support systems, 
- offsite and electrical system components, 
- emergency diesel generators, and 
- tanks 
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AN EXAMPLE OF JAPANESE PRACTICE OF SEISMIC 
REEVALUATION OF AN NPP 

  

 K. Takashima, S. Kawahara 

 NISA, METI, Japan 

 
Abstract. Reevaluations of seismic safety of existing nuclear power plants (NPPs) were performed for several 

plants in Japan by applying input ground motions larger than those presumed at the design stages. This paper 

introduces one of the examples of the reevaluations. 

 

1. Introduction 
In order to maintain seismic safety of NPPs, the important structures, systems and components (SSCs) 
for nuclear safety should be designed against presumed earthquake load to prevent any of these 
facilities from failure and avoid triggering a large nuclear accident. From this viewpoint, seismic 
reexaminations have been carried out for NPPs whose seismic environment were changed due to new 
findings of faults etc., to confirm their seismic safety of the important SSCs in NPPs along the flow in 
Fig.1. The following is one of examination examples. 

 

2. Earthquake Ground Motion for Reevaluation 
The earthquake ground motion (time history) used for the reexamination of the NPP in concern is 
generated under the presumed condition, that the locations of NPP and a seismic source (fault) are as 
shown in Fig. 2 and the fault length is 20km, by using the fault model and the wave superimposition 
method proposed by Irikura [1]. The details of the model are also determined based on the so-called 
“the amendment recipe” in ref. [2] also proposed by Irikura recently to have conservative input ground 
motion. The time histories obtained are shown in Fig. 3. Moreover, the response spectra of the time 
histories are shown in Fig.4, in comparison with of design ground motion of an S2 earthquake. 
The vertical ground motion was evaluated as a static seismic force. 
 

3. Structures, Systems and Components for Reevaluation 
From the viewpoint of the basic nuclear safety of NPPs, "Reactor Shutdown, Core Cooling and 
Radioactivity Enclosing", the SSCs of the seismic importance category, “As”, defined in ref. [3], are 
determined and listed as evaluation items. SSCs of the seismic category “As” are defined as the SSCs 
that contain radio-activities or those closely related to the SSCs containing the radio-activities so that 
they might cause an accident of radio-activity release as a result of loss of the function, the SSCs 
needed to prevent radio-activity release accidents, as well as the SSCs needed to mitigate the effect of 
radio-activities with particularly large effects and efficiencies. 
 

223

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Nein     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: AbbrechenEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Ja     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Error     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile (‹ñI)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket true     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages false     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 1200     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



4. Earthquake Response Analysis 
Buildings and structures are modeled by multiple lumped mass system, and their seismic responses are 
computed using a time history response analysis method (See Fig.5). The earthquake response analysis 
of equipment and piping is carried out by applying the time history analysis and the spectral-modal 
analysis that applies floor response spectra, using a single degree of freedom system model or multiple 
degree of freedom system model (See Fig.6). 
 

5. Calculation of the Earthquake Response of Each Facility 
The earthquake response values (the strain and stress in the member of SSCs) of the buildings and 
structure are calculated by earthquake response analysis and stress analysis based on the result of the 
earthquake response analysis. The earthquake response value (stress) at each part of the equipment and 
piping is evaluated by combining the load obtained by the earthquake response analysis and other 
loads that should be considered in design. The evaluation of the earthquake response is carried out 
basically by applying the method shown in references [4], [5], [6], and so on. However, the evaluation 
is also carried out based on the latest research and knowledge because it is performed for existing 
facilities.  
 

6. Confirmation of Seismic Safety 
The seismic safety is confirmed by checking that the response of each facility to the earthquake 
ground motion for the reevaluation is lower than an allowable limit (allowable value). The allowable 
values used are described in ref. [7]. The values are determined with sufficient margins compared to 
the ultimate strength of materials. For the SSCs that exceed these allowable values, a more detailed 
examination was to be carried out with cautious consideration of the margins in the allowable values 
of SSCs if necessary. It was to be estimated whether some reinforcement against the earthquake 
ground motion for the reevaluation is needed. In this reevaluation, the vertical seismic force is 
considered as the static force and its magnitude is determined as half the value of the maximum 
acceleration amplitude of the horizontal design earthquake ground motion. The force is combined with 
the dynamic horizontal seismic force with regard to their direction so that they work together in the 
unfavorable direction simultaneously. 

 

7. Results and Concluding Remarks 
Figure 4 shows response spectra of the earthquake ground motion for the reevaluation in NS and EW 
directions by comparing those of original design spectra of S2. As it can be seen in Fig. 4, the 
earthquake ground motions for the reevaluation have larger earthquake responses in the period ranges 
greater than 1 second and in-between 0.03 and 0.06 seconds, and resultant floor response spectra 
shown in Fig. 6 also have larger responses in the high frequency range. Therefore, in the stress check 
analyses for SSCs, more realistic analytical conditions, i.e. dampings, SSC installation condition etc., 
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that have not been considered in the design stage (considered as potential margins), have been 
employed so that the resultant stresses of SSCs are confirmed to be within those allowable values. For 
that reason, there was no SSC which required seismic enhancement under this reevaluation results. 
 
As shown in this paper, when new knowledge in the input ground motion and seismic design 
parameters for NPPs are discovered, reexamination on the seismic safety of an NPP is continuously 
performed in Japan by taking this new knowledge into account. 
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Fig. 5 Analytical Reactor Building Model Used for the Seismic Reevaluation 

Fig. 6 Examples of Resultant Response Spectra Comparing with Those of Design S2
Earthquake Ground Motion  
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Abstract. Despite the progress has been made in addressing seismic safety issues at nuclear installations worldwide, 
there are still issues that require re-evaluation as a result of new information that arises regarding seismic hazard, 
revised understanding of site conditions and structural seismic resistance and/or facility life extension request. Since 
the seismic re-evaluation is a complex process consisting of elements that individually present challenges in our state 
of understanding of how installations resist seismic loads (i.e., source, path, interaction and dynamic response), 
issues will always exist given the variation of parameters from site to site.  This paper focuses on some of the 
elements of the re-evaluation process with special attention to nuclear facilities of the former Soviet Union while 
using the Armenian nuclear reactor facility and its upgrade program as the working example. It presents a discussion 
on seismic questions that are important to any nuclear facility and it identifies the relevance to the Armenian NPP. 
Given that one of the main questions addressed in this paper is how the synergy of international organizations 
influences the resolution of seismic issues that are generally common at nuclear facilities around the world, the 
Armenian NPP upgrade program is a perfect example for such an assessment since it calls for the resolution of 
multiple issues while it involves multiple organizations. 
 
1. Introduction 
 
While significant progress has been made in the field of earthquake engineering, especially as it applies to 
the evaluation of safety of nuclear reactors, serious questions always come up regarding our basic 
understanding of how large structures respond during an earthquake. That is primarily due to the fact that 
key parameters in the overall description of the seismic problem will always have substantial uncertainty. 
These are mainly associated with the definition of the seismic hazard at a given site and our 
understanding, or lack of, the process that governs the maximum effect at the site of interest from a 
distribution of seismic sources. While increased computing capacity has allowed more realistic simulation 
of the process and the available technology has allowed us to precisely map the source distribution (faults, 
etc.), there is always the element of uncertainty that has given rise and value to the probabilistic 
assessment of the hazard. While typically extensive studies are performed based on the state of knowledge 
at the time and prior to selecting a site, new information prompts a re-evaluation of the hazard and of its 
potential impact on a nuclear facility. The working example of the Armenian NPP falls into this category.  
 
In addition to defining the hazard, our understanding of the response of the local site where the nuclear 
installation is built is another source of uncertainty. That, combined with the complexity of the ground 
acceleration response modeling makes the problem far more difficult. Even if we assume that most 

                                                 
# Views expressed in this document are not necessarily views of the USNRC 
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nuclear facilities are built on firm ground, thus eliminating the uncertainties associated with the 
deformation of soil, the interaction and scattering alone of all different types of waves impinging on the 
foundation is still a serious issue.  While uncertainties of such types are usually compensated for in the 
design with appropriate safety margins, the questions remain as to how to proceed in addressing the safety 
margins of an existing facility and how to implement changes or upgrades in light of either better 
understanding of the overall seismic process or new information.  
 
Since extensive research on all the key issues is continuously taking place worldwide, it is expected that 
gaps in knowledge are being eliminated. The synergy of a number of organizations or experts, as it applies 
to an existing facility, such as the Armenian NPP where many key seismic issues are re-examined, should, 
in principle, be constructive since it brings together expertise that covers a very wide range. It is more 
profound in the case of the Armenian reactor, as will be discussed in detail in later sections, since the re-
evaluation at the Armenian NPP covers the entire spectrum of seismic issues (from source to floor 
response spectra). If one is to make an assessment of the value of synergy one should consider that the 
collaboration through a case study does not just bring about an exchange of expertise between participants 
but also attention to the common goal of reactor safety anywhere in the world. Following the break-up of 
the Soviet Union, attention of the international community was focused on the nuclear reactors of the 
eastern European countries. The primary objective was to assess the safety of the facilities according to 
the international standards and practices and to assist in the necessary upgrades to ensure that the 
standards are met. The IAEA has provided the driving force to ensure that the eastern European reactors 
are re-evaluated against international standards and practices. The IAEA also coordinates the activities for 
the local regulators and many international organizations assisting in this important program. 
 
The US NRC’s participation focuses mainly on assisting the various regulatory agencies reach a level of 
technical competence and having the necessary resources to independently regulate the nuclear power 
plants according to western practice. Technical competence is improved by enabling close scientific 
collaborations between the technical staff of the regulatory body and scientific staff of US National 
Laboratories, such as Brookhaven National Lab. Success is measured by the ability of the regulatory 
bodies to perform complex independent analyses of seismic and operational safety at a plant and to 
oversee and verify plant upgrades.  
 
The US DOE is also supporting the seismic safety upgrade/evaluation effort.  DOE's cooperative efforts in 
Armenia have focused primarily on upgrading safety systems.  As part of the seismic upgrade effort, DOE 
is providing equipment to complete a seismic-resistant, spray pond cooling system to remove safety 
system heat loads.  The equipment includes a diesel-driven emergency water pumping system to serve as a 
backup to the emergency feedwater system.  DOE is also working with the ANPP staff in the evaluation of 
the safe shutdown equipment.  Other organizations participating in the seismic safety upgrade/evaluation 
effort include TACIS under the aegis of the European Union (EU) and several Russian organizations. 
 
The Armenian NPP, its upgrade program, and the synergy that makes up the international assistance 
infrastructure represents a special case in the overall safety re-evaluation initiative. ANPP, a plant situated 
in a high seismic hazard region, needed a thorough definition of the seismic hazard, important data on the 
soil conditions beneath the facility and a full assessment of the condition and seismic capacity of its 
structures, systems and components. In other words, the issues associated with ANPP covered the entire 
spectrum of seismic re-evaluation.  With the assistance of the IAEA through scientific/technical missions, 
the involvement of the US DOE in conducting the seismic walkdowns and equipment evaluation, the 
extensive collaboration of the US NRC with the Armenian regulatory agency (ANRA) in performing 
independent analyses, and the support of other western organizations in installing seismic networks and 
assisting new geophysical studies, a great deal has been accomplished. Brief descriptions of seismic issues 
that are affecting nuclear facilities in general, and ANPP in particular, and of the accompanied attempts to 
solve them are presented in the following sections. 
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2. Open seismic issues for nuclear facilities 
 
Despite the progress that has been achieved in the field, and especially as it pertains to the seismic safety 
of nuclear facilities, many seismic issues remain. While the increased computing capability has allowed 
for sophisticated studies of great detail, unknown parameters that control the fragmentation and dynamics 
of the earth’s crust, the behavior of host soil during strong earthquake events and the complexity of the 
scattering of seismic waves onto the structure present a host of problems that need to be resolved. The 
advancement of the computing capability, however, has solved problems that seemed beyond reach just a 
few decades ago when most reactor facilities were built. This applies to the comprehensive dynamic 
response of the facility superstructures and their systems. 
 
Throughout the world, and mainly around critical facilities, seismic hazards are continuously being 
upgraded by taking into account new fault distribution/capability information that becomes available using 
advances in mapping technology. In recent years the probabilistic approach of defining maximum credible 
earthquakes has been gaining acceptance and accompanies all new seismic hazard studies. Its promise is 
that it will help reduce the uncertainties accompanying deterministic analyses of hazard assessment. 
 
Prompted by the need to extend the useful life of reactors around the world, the state of the art in the fields 
of soil dynamic behavior, site response, and definition of the earthquake input has been employed to better 
describe the seismic picture at the facility and, potentially reduce the seismic demand. After all the years 
of research, however, each one of these topics presents serious challenges. Our knowledge is still 
incomplete even for seemingly “easy” problems such as the propagation of vertical direct waves. 
Experiences from recent earthquakes continue to identify the gaps in our lack of understanding of how 
ground and structures really behave during an earthquake.  
 
2.1. Background on the Armenian NPP  
 
In this section the seismic concerns at the Armenian NPP are summarized. These include the issues that 
the original designers faced in the process of selecting the site and the way they circumvented them or 
compensated for them in the design. Also included are issues and concerns that surfaced in recent years 
and primarily after the Spitak earthquake of 1988.  
 
Specifically, immediately after the 1988 earthquake of 1988, both units of the Armenian Nuclear Power 
Plant were shut down for a period and Unit-2 restarted in 1995. The restart followed a period of IAEA-led 
safety review missions and recommendations for plant upgrade that addressed its seismic vulnerability. 
Eventually an IAEA Technical Guidelines Programme for the Seismic Re-evaluation of the ANPP was 
issued and signed by both the ANPP and the Armenian Nuclear Regulatory Authority (ANRA). Within 
these guidelines the seismic issues that needed to be addressed and the responsibilities of the various 
organizations were identified. The US NRC office of International Programs, has been ever since an active 
participant in the entire spectrum of seismic re-evaluation activities at ANPP through its technical 
assistance program to ANRA, its counterpart institution in Armenia.  
 
During the shutdown period extensive structural strengthening of Unit-2 was implemented as a result of 
IAEA recommendations. These recommendations, conditional to the plant restart, covered the following 
three important aspects, namely, (a) verification of the geological stability of the site, (b) assessment of the 
peak ground motion anticipated at the site, and (c) the establishment of a comprehensive re-evaluation 
program for the seismic capacity of structures, systems and components in accordance to international 
procedures and practice.  
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Figure 1. Transverse view of the Armenian NPP main building including near-surface soil layering 

 
When the site was selected and during the design stage of the two reactor units some provisions were 
made to account for seismic loads thus making these the only Soviet-era units designed with earthquake 
loads in mind. This resulted from historical records of seismic activity in the general area. In addition, 
uncertainties in the quality of the soil in the surface layers led to the drastic measure of removal of the soil 
beneath the reactor shafts and replacing it with concrete down to the top of the competent rock. Figure 1 
depicts the cross section of the reactor main building where the general stratigraphy is observable as well 
as the orientation of the reactor shaft and its special interface with the bedrock. The original design of the 
NPP was based on a design spectrum that called for a maximum ground acceleration of 0.4g for the 
reactor shaft and 0.2g for the rest of the reactor compartment. For higher elevations amplification factors 
up to 3 were recommended. The basis of the generation of this design spectrum, however, is not known. 
No fault characterization or attenuation laws have been identified as the source of the shape, peak ground 
acceleration and amplification of the proposed spectra. The occurrence of the Spitak earthquake and the 
discovery of capable faults in the vicinity continued to raise concerns over the adequacy of seismic safety 
measures at the plant.  Preliminary re-assessments of the seismic hazard in the resulted in a new review-
level earthquake with a free-field surface horizontal peak ground acceleration of 0.35g.  New active faults 
have been identified near the plant and ongoing studies include the new information in the seismic map 
pertinent to the ANPP site. Prompted by the new information, ANPP and ANRA have recognized the need 
and proposed a probabilistic seismic hazard assessment (PSHA) study in order to redefine the maximum 
credible earthquake for the plant.  
 
In addition, the information regarding the seismic hazard and seismic input at the ANPP site, the 
geotechnical properties of the site, the layering of the subsurface and its potential effect on the structure 
were also incomplete. As a result, no credible site response analysis could be carried out to define a 
reference or review level earthquake. Prompted by these deficiencies in the complete definition of the 
seismic problem, it was felt by IAEA and other assisting organizations that the structural response, 
including the seismic safety capacity of key systems and components, needed to be completely re-
assessed. It was recommended that the re-evaluation process be based on the US NUREG/CR-0098 rock 
spectrum for 0.35g PGA corresponding to the 50th percentile (for 5% damping). This is mainly due to the 
fact that the NUREG spectrum envelops the generated site-specific spectrum for all frequencies.  
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2.2. Re-Assessment of Seismic Hazard / Input Motion 
 
As mentioned in a previous section, seismic hazards for critical facilities are continuously being re-
assessed while taking advantage of relevant new information that technology is now providing (mapping, 
satellite imagery, etc.). Probabilistic seismic hazard analyses (PSHA) are being applied to reduce 
uncertainties regarding the most credible earthquake at a site.  Most western nuclear facilities where 
seismic is part of the safety equation have performed both probabilistic and deterministic assessments of 
the site hazard. All in an effort to better define the earthquake input at the site and evaluate the safety 
margins in the facility. However, these studies, and despite the progress that has been made through our 
study of the earth’s crust mechanics are missing information of one kind or another. Uncertainties 
especially in the seismic path and attenuation laws that govern the propagation will always exist leading to 
our continuous search for an improved solution to the seismic problem. 

 
Armenian NPP Experience 
 
A series of seismic hazard studies for the ANPP site have been performed in recent years. These resulted 
in the generation of free-field acceleration spectra at the site as they appear in Figure 2. Due to the 
uncertainty in important information regarding the local seismic activity (even though some of the studies 
included local earthquakes), fault characteristics, micro-zonation, etc., the NUREG-0098 50% confidence 
level spectrum was selected to represent the review level earthquake (RLE). 

 
Figure 2: Recommended NUREG-0098 Spectra and Site Specific Spectra 

 
During the last decade more information regarding the fault network around the site has surfaced and there 
are questions about the contribution of such faults in defining the most credible earthquake. Newly 
installed seismic arrays are continuously monitoring the activity near the ANPP site. Given that the 
previous attempts to probabilistically define the seismic hazard at the site have been met with some 
criticism, the issue of performing a Probabilistic Seismic Hazard Analysis has re-surfaced. An initiative by 
the IAEA, part of the overall PSA at the plant, has been under way to address the PSHA component using 
the latest internationally accepted methodologies and seismo-tectonic information that has become 
available in recent years. Figure 3 schematically describes the methodology. 
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Figure 3: Probabilistic Seismic Hazard Assessment Road Map (courtesy J. Savy, LLNL) 

  
As a precursor to the IAEA PSHA initiative an exercise has been performed with the collaboration of the 
US NRC/BNL and ANRA on free-field spectra and peak ground accelerations expected at the ANPP site 
using the available earthquake data for the region that surrounds the ANPP and “borrowed” attenuation 
laws. Specifically, by using the “Sabetta-Pugliese”, attenuation laws deduced from Italian strong motion 
data and using only events with complete information, while excluding the recently recorded local 
earthquakes near the site, acceleration and spectra at the ANPP site were estimated.  
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Figure 4: Seismic map within 200km radius from ANPP      Figure 5: Spectra at ANPP from Map of Fig. 4 

Figure 4 depicts the events used within a 200km radius along with their respective magnitudes. Figure 5 
represents the 50% and 84% spectra that resulted from the analysis. By comparison to the results of 
studies shown in Figure 5 it is seen that the peak acceleration values estimated with the “borrowed” 
attenuation law, while using regional seismic data, are significantly lower than those derived from 
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previous studies. What is interesting, however, is the spectral shape resemblance to the shape generated by 
the site-specific study of 1972 that was conducted prior to the plant construction. In order to test the 
potential usefulness of the “borrowed” attenuation law, the Spitak earthquake was brought to the ANPP 
site using the same methodology. Resulting spectra for horizontal and vertical components are shown in 
Figure 6. What is interesting in Figure 6 is the fact that the peak horizontal acceleration of 0.052g is very 
close to what was recorded at the plant during the 1988 Spitak earthquake. 
 

 
Figure 6: Estimated Spectra at ANPP from the Spitak Earthquake and Sabbeta-Pugliese Attenuation Law 

 
 
3. Geotechnical issues – site characterization 
 
The possibility that the local site conditions play a more significant role than has been assumed thus far 
remains as one of the open issues in the plant seismic re-evaluation effort. Local site conditions are 
expected to affect the estimation of the seismic hazard, and consequently, the definition of the free-field 
spectra at the site. Given that a good representation of the free-field is extremely important to the dynamic 
response of the NPP structures, the local site profile and soil dynamic properties are vital. In addition, the 
structure and composition of the surface layers are further connected to the NPP structures through soil-
structure interaction.  
 
The ANPP site is a layered site due to the fact that residual soil layers (characterized as weathered rock) 
are present with the upper basalt base. The presence of these residual layers was addressed during 
construction of the plant by completely removing the questionable soil from underneath the reactor shafts 
and replacing it with poured concrete. Geotechnical studies were performed prior to plant construction and 
the soils as well as layer thickness were characterized. Additional site investigations were performed in 
1995 and as recently as 2001. However, despite the large data set that was generated from all the studies, 
key soil information, such as strain-dependent soil properties, are still unavailable. While most of the 
subsurface can be characterized as rock, and thus the effect of strain-dependency of the soil is minimized, 
the presence of the “weak” layers which exhibit uncharacteristically low values complicates matters and 
the strain-dependency of soil properties is expected to play a more important role in the site response.  
Table 1 depicts the original estimates of soil properties and layering. 
 
Initial geo-technical studies, conducted prior to the plant construction, revealed the presence of soil layers 
near the surface and especially around the reactor shaft with uncharacteristically low shear wave 
velocities. The velocities measured in the soils of these layers, sandwiched between basalts, were estimate 
to be as low as 300m/s. Weak layers, although thinner, still exist in the basalt that is treated as bedrock just 
beneath the reactor shafts. The questions that remain are the following: 
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 What effect has the free field stratigraphy and the spatial variation of the layer thickness on the 
convolution and de-convolution of free-field ground motion? 

 What impact does the surface soil and the unique interface conditions of the reactor foundation have 
on the soil-structure interaction of the reactor building? 

 How are these site-specific near-surface soil conditions expected to influence the PSHA and thus the 
definition of the free-field earthquake?  

 
Table 1 – Original Estimates of Soil Properties at ANPP 

 
Depth 

[m] 
Description Vs m/s 

66 Cracked basalt, weathered 
materials, slag, gravel 

980 
(averag

e) 
400 Basalt and gravel 2020 
180 Alternate layers of clay, silt 

and basalt 
1450 

200 Alternate layers of clay, 
sand and gyps 

2540 

300 Alternate layers of clay, 
sand and silt 

3470 

 
Width 
[m] 

Vp 
[m/s] 

Vs 
[m/s] 

Density 
[Kg/m3 ] 

 
Description 

2 2700 1800 2360 Surface layer (weathered 
rock)  

7 3000 1900 2430 Basalt (soil beneath mat) 
8 900 350 1770 “weak” layer (weathered 

basalts) 
33 3000 1900 2430 Basalts 
3 900 350 2430 “weak” layer 
- 3000 1900 2430 Basalts  

 
A site response analysis is currently underway, using the capabilities of the SHAKE code, addressing 
motion convolution issues. Recent geophysical studies conducted at the site and focusing on the near-
surface stratigraphy, have indicated higher shear wave velocities in the soft layers beneath the reactor at 
ANPP. Based on IAEA recommendations (shown in Table 2) the site response is being re-assessed using 
the recommended near surface soil profile. 
 

Table 2 – Revised Soil Profile at ANPP 
 

Depth 

[m] 

O
L
D 

N
E
W 

Thickness 
[m] 

Vp 
[m/s] 

Vs 
[m/s] 

Unit 
weight 
[kN/m3] 

Poisson 

ratio 

Description Profile 1 

Vs; [m/s] 

Profile 2 

Vs; [m/s] 

0 

-3.35 

0 1 3.35 600 350 17.1 0.24 weathered 350 200 

-3.35 

-12.35 

1 2 9.00 3050 1800 24.0 0.23 Basalt 1800 1200 
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-12.35 

20.35 

2 3 8 1100 635 19.3 0.25 Weathered 
basalt, slag 

650 350 

-20.35 

- 44.35 

3 4 24 4425 2500 26.5 0.27 Basalt 2500 1600 

-44.35 

-51.35 

4 5 7 1200 700 20.0 0.24 Weathered 
basalt, slag 

700 400 

-51.35 

-83.35 

5 6 32 4600 2700 27.0 0.24 Basalt 2700 1800 

-83.35 

- inf. 

N
.
A
. 

N
A 

infinity     Bedrock 2700 1800 

 
 

4. Soil Impedance Assessment – Issues 
 
The effects of the unique foundation design at ANPP and of the surrounding soil on the reactor building 
soil-structure interaction were addressed with detailed dynamic analyses. These analyses attempt to 
qualitatively estimate the frequency-dependent impedance functions of the foundation and soil 
configuration. To achieve that, the capabilities of the poroelastic finite element code POROSLAM have 
been utilized. The relations below define the calculated soil stiffness and radiation functions used in the 
formulation. Three basic models have been used for the assessment. These include the “exact” interface 
model with all the layers and the foundation embedment, a model that ignores the embedment and the 
reactor shaft presence and, finally a model that treats the layered near-surface soil as a uniform 
“equivalent” soil. Figure7 shows the real and the “equivalent” soil model and Figure 8 depicts the 
variation of the stiffness portion of the impedances with frequency of foundation motion. It is interesting 
to observe the deviation of the impedances at the higher frequencies between the actual soil and structure 
interface with the other two less representative models. While the lower frequency range is of more 
importance, regarding the response of the structure, the higher frequency range can have an effect on sub-
systems connected to the primary structure. 
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Figure 7: Finite element models used for impedance calculations at ANPP 
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Figure 8: Impedances calculated for ANPP using three models representing site & foundation/site 
interface. 

 
5. Foundation Input Motion Issues - Recommendations 
 
As in other areas of the seismic input definition, defining the input earthquake at the foundation of the 
nuclear reactor is challenging. For many years, over-simplification of the seismic wave propagation and 
scattering has been used. New information regarding near-faults and the complexity of the propagation has 
placed doubts in the validity of these simplified approaches (i.e., vertical shear wave propagation). In this 
section a review of the different levels of sophistication in dealing with the seismic wave impingement on 
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the foundation of a facility is presented with some newly generated relations that govern the propagation 
of inclined seismic waves. Figure 9 depicts a description of the generic problem of inclined waves and 
Figure 10 shows the profile beneath ANPP indicating the complexity of the problem due to the multi-
layers that are present. 
 
In general, the foundation input motion represents the response of the rigid and mass-less foundation to 
the free-field motion. Generally, the response of the foundation depends on its geometry, the properties of 
the interacting soil and the nature of the impinging seismic waves. A scattering transfer function H(ω) 
links the free-field motion UG

0 with the foundation input motion UG 
 

UG = H(ω) UG
0 

 
6. Free field applied directly 
 
In the early stages of seismic analysis of building foundation systems, criteria motion applied at the 
bottom of the soil springs, basically reflecting cases involving surface foundations.  
 

[ ]
[ ]




=

0
)( IH ω  

 
Where [I] and [0] are a [3x3] unit and null matrices respectively. 
 
7. Convolution/deconvolution 
 
In this case the foundation input motion is the free-field input motion at some depth, depending on the 
characteristics of the embedded foundation.  
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8. Convolution in Uniform Soil Deposits  
 
8.1. Inclined SH-waves 
 
Consider in inclined SH wave propagating in a uniform soil deposit. The displacement vector has the form 
 

dAetru tcprik s )(),,( −•=ω  
where, 

=+= 21 cossin iip θθ  propagation vector 
d = i3 = direction of particle motion 
r = x1i1 + x2i2 = position vector 
A, k, cs are amplitude, wave number and phase velocity respectively. 
 
The requirement for traction free surface implies that reflected waves are in phase with incident waves 
thus leading to total displacement 
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Thus, the transfer function between displacements (or accelerations) at depth x2 = -h and its counterpart at 
the surface is expressed in the form, 
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Figure 9: Non-vertical Propagation of Seismic Waves 
 

 
Figure 10: Complexity of Soil Profile at ANPP 

 
8.2. Inclined P-wave in a uniform soil deposit 
 
Consider the incidence of an inclined P-wave, resulting in a reflected P and SV wave.   
 
(a) Incident P-wave 

[ ] [ ] ( )tcprikTT peAuuu −•= 10cossin1321 θθ  

    [ ] [ ] ( )tcprikTT peAuuu −•−= 20cossin2321 θθ  

       [ ] [ ] ( )tcprikT
oo

T soeAuuu −•−= 30cossin3321 θθ  
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where cp, cs are the P and SV wave velocities, A1,2,3 are wave amplitudes, p1,2,3 are propagation vectors of 
the incident P, reflected P and reflected SV-wave and, 
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sskk
s

=== 00
sinsin θθ  

The amplitudes A1,2,3 satisfy the relation 
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where q1 = A2 /A1, q2 = A3/A1 and λ, µ are the Lame constants. The total displacement is simply the 
superposition of the three vectors. Below are various transfer functions of interest: 
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where, o
s

s
L

L c
ha

c
h θωθωα cos::cos == represent dimensionless frequencies for P and SV waves. 

 
8.3. Inclined SH-wave in soil deposit overlying a rock formation 
 
In such formation the half space represents the rock underlying the soil. The transfer functions relate 
motions at the base rock (outcropping) and motion in the soil deposit with layer thickness H. 
Incident SH-wave:                          )(

1
)1(

3
,1 tcprik RseAu −•=  

Reflected SH at interface:             )(
2

)2(
3

, tcprik RseAu −•=  

Refracted SH across interface:     )(
3

)3(
3

,1
' tcprik SSeAu −•=  

Reflected SH at surface:                )(
3

)3(
4

,1
' tcprik SSoeAu −•=  

 
where, CS,R, CS,S are shear wave velocities in the rock and layer respectively, r, r’ are position vectors, pi 
are propagation vectors, Ai are wave amplitudes, k, ko are wave numbers and µs,  µR are shear moduli of 
soil and rock respectively. Continuity of total stresses τ23 and total displacements u3 across the interface 
yields, 
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Based on these relations, a host of transfer functions can be generated, for example: 

240



 

( )hh ii ee
surfaceatmotion

hxdepthatmotionH ααω −+=−==
2
1)(

'
2

1  

 

HH

hh

ii

ii

ee
ee

erfaceatmotion
hxdepthatmotionH αα

αα

ω −

−

+
+=−==

int
)(

'
2

2  

 
Note that the three amplitudes Ai are related with two equations. The third required relation depends on the 
selected input to the system. For example, if the outcropping motion Ugeiwt is known then A1 = Ug/2. 
 
9. Kinematic interaction 
 
When accounting for the scattering of seismic waves by the rigid foundation, the corresponding scattering 
transfer function H(ω) is a [6x3] frequency dependent matrix containing the scattering coefficients which 
depend on the type of seismic waves, the properties of the underlying medium and the geometry of the 
foundation. 
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When kinematic interaction is considered the [3x3] Hrotnl submatrix is no longer a null matrix. It contains 
scattering coefficients relating the rocking and torsional motion of the foundation to the free field motion. 
For the complex foundation geometries, embedment and soil layering boundary element and finite 
element techniques are needed. For surface foundations on uniform half space analytical, closed form 
solutions have been derived. That provides for a verification tool for the more challenging configurations. 
 
10. In-Structure Floor Response Spectra  
 
The primary component of the overall seismic upgrade program currently under way at the ANPP is the 
generation of the floor response spectra (FRS) for the key structures in the complex. These will determine 
the structural adequacy of the buildings and of the critical components. The generation of the FRS, in this 
particular effort, is not only dependent on the methodology and the computational tools available but also 
on the results of the parallel studies that address the seismic hazard definition, the site seismic response 
and the soil-structure interaction. Several attempts have been made to generate floor response spectra to 
replace the original design spectrum provisions with limited success due to lack of good definition of free-
field spectra, over-simplification of the SSI component and lack of proper computational tools. A new 
attempt to generate FRS is currently under way. The latest approach utilizes the free-field spectrum that is 
accepted as the baseline RLE (NUREG-98), the results of the site response analysis (pro-SHAKE) along 
with the latest geophysical data and the widely accepted seismic analysis tools STARDYNE and SASSI.  
   
The final spectra will be used as the basis for evaluating the seismic adequacy of both the main structures 
and of the systems that comprise the Safe Shutdown Equipment List (SSEL). According to the IAEA 
guidelines, the SSEL should identify the minimum set of equipment necessary to ensure the performance 
of the plant safety system during and after the review-level earthquake.  The main functions to be assured 
are: 

a. Reactivity control 
b. Reactor coolant system pressure control 
c. Reactor coolant system inventory control 
d. Reactor decay heat removal 
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To identify the key systems that will meet the criteria and the functions listed above, several plant “walk-
down” activities have been conducted. The US DOE has been providing assistance to the ANPP in that 
regard. As a result of these activities, a number of deficiencies in the various systems have been identified 
and corrected. The seismic upgrade program will be considered complete when the SSEL is fully 
identified and when it meets the seismic demand imposed by the FRS. A PSA analysis is expected to be 
complete when the PSHA component of the process is completed. 
 

    
 

 
Figure 11: Spectra Generated at ANPP from the Re-evaluation Seismic Study (courtesy, P. Zadoyan, 

ANRA) 
 
11. Summary  
 
In this paper a summary discussion is presented on some outstanding seismic issues that nuclear 
installations continue to face as a result of life extension evaluation, upgrade, and new hazard information 
as it becomes available. The paper focuses primarily on existing nuclear facilities and especially nuclear 
plants in the former Soviet republics. By addressing some of the issues, this study does not claim to have 
the answers to those problems, but it rather attempts to connect them with the ongoing efforts to upgrade 
many of these plants while identifying the gaps in knowledge that exist in the definition of seismic hazard, 
the geophysical component of the process, the definition of seismic input, etc. 
 
The paper also focuses on the value of the synergy of various international scientific and regulatory 
entities that have converged to address the seismic safety of existing FSU plants while each one of them 
brings specific specialties into the overall process. Given that most of the seismic concerns are common to 
nuclear facilities worldwide, it is concluded that such a multi-member collaboration can be very positive 
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with successful coordination. Since the overall effort involves both the plant and the regulator, the 
navigation through the hurdles of a seismic re-evaluation effort can be challenging. Clearly, in the above 
equation, a regulatory agency capable and confident in regulating and verifying the complex processes 
that are involved is vital to the overall effort. The US NRC and the IAEA, have primarily focused on 
enhancing the regulatory oversight of high-priority safety issues in the FSU.  
 
The seismic upgrade activity at the Armenian NPP is used as a working example to both address seismic 
issues and the output of a multi-member collaboration. This seismic re-evaluation effort was initiated by 
the IAEA and in the course of its conduct various international organizations are participating and 
rendering expertise. Specifically, along with the coordination role of the IAEA, the US NRC provides 
technical assistance to the Armenian regulator in a wide range of seismic issues. Technical assistance is 
provided to the Armenian NPP by the US DOE, the EU organization TACIS, and others. The question to 
be asked is how important is such a convergence of international experts onto a problem associated with a 
small country like Armenia. What does the international nuclear or seismological community stand to gain 
from being involved in such an endeavor? For one, it provides a forum for scientists from different 
countries to work together on an issue extremely important to the nuclear community by ensuring that 
nuclear installations meet the safest standards possible. That is especially true for a nuclear plant that has 
been designed with a different philosophy and engineering practice. The key message is that information 
exchange on vital data is a key component of the benefit that all sides receive. Further, through a close 
collaboration on specific issues relating to the safety of the Armenian NPP, FSU scientists are being 
trained and are utilizing modern techniques and procedures for maintaining safety, and they visit western 
facilities and participate in international workshops.  
 
In conclusion, and based on an optimistic view of what has been accomplished through the collaborative 
effort in the course of the Armenian NPP upgrade, it can be stated that, as a whole, the Armenian example 
of re-assessing safety in an existing nuclear facility will turn out to be a success story.  
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Abstract. The TR-2 research reactor at Çekmece Nuclear Research and Training Center, operated by the Turkish 
Atomic Energy Authority, is located 25 km west of İstanbul in Turkey. It was built during the period of 1957-
1962. A site specific design basis earthquake was not considered in the original design of the reactor building. 
Concerns raised following the magnitude-7.4 17 August, 1999 earthquake near İzmit in the province of Kocaeli, 
a distance of some 85 km from the reactor building. The seismic qualification of TR-2 reactor building was re-
assessed using new methodologies and experience. The structural model of the TR-2 research reactor building 
was developed and a seismic analysis was performed using the SAP2000 computer code. Seismic safety of the 
TR-2 research reactor building was evaluated and the required upgrading was developed.  
 
1. Introduction 
 
At the present time, there are numerous programs underway in many countries around the world for 
the evaluation of seismic safety of research reactors and for their upgrading to increase seismic safety. 
Research reactors are usually located at or near city centers. So, the seismic safety of research reactors 
located in high seismic areas but close to urban settlements is a vital issue. Many areas in Turkey are 
exposed to seismic hazard. For example, a devastating earthquake occurred in Turkey at the eastern 
end of Marmara Sea on August 17 1999 (03:02 Local Time, Latitude: 40.70N, Longitude: 29.91E, 
Depth: 15.9 km, Magnitude: 7.4). The epicenter was located near Gölcük, a town located about 4 km 
from İzmit City in the Kocaeli province. Field surveys confirmed that the western part the North 
Anatolian Fault Zone had caused the main shock. A few buildings also collapsed in residential parts of 
Avcılar district in İstanbul, about 5 km away from the TR-2 research reactor building. Seismic 
instruments at the reactor-building basement and at the base of another surface building produced 
records during earthquake. The peak acceleration values of the time histories recorded at the basement 
of reactor and the other building were 0.12g and 0.18g, respectively. The TR-2 reactor has been 
designed for a base shear force of 0.1 times its weight. Inspection of the reactor building by engineers 
after the earthquake showed that there was no damage on the reactor building, systems and 
components.     
 
The TR-2 research reactor was built between 1957-1962, and at that time a site specific design basis 
earthquake was not considered in the design of the reactor building. Considering the exposure of the 
facility to damaging ground motions, the seismic qualification of the TR-2 reactor building was re-
assessed and upgrading project was developed accordingly. This paper summarizes the findings.  
 
2. Description of the Reactor Building    
 
The reactor building is a reinforced concrete frame structure. The plan dimensions of building are 
23.54x32.58 m. The building has an embedment to a depth of 9.12 m.  The height of the building is 
11.25 m from the grade level. The structure has a thick base slab and embedded part is covered by 
shear walls acting as retaining walls. The embedment part of the structure consists of four levels. 
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Above grade level, the superstructure consists 10 one-way frames supported directly on reinforced 
basement walls. The superstructure supports a moving crane.   

 FIG. 1. TR-2 reactor and auxiliary building 
 
 
2.1. As-is Building Properties  
 
In the evaluation of the seismic safety of the reactor building, an adequate parameter variation are used 
to cover reasonable uncertainties in the soil and structural modelling. The as-is building properties and 
geometry were taken from original drawings and checked with current conditions.  
 
2.2. Conrete Strength 
 
Six samples were taken from shear walls and columns of the reactor building to find out the strength 
of concrete. Compresion strengths of conrete samples varied from 30 MPa to 41 MPa. So, 
compression strength of the concrete was used as 30 MPa in analyses. The modulus of elesticity of 
concrete was calculated using the following formula given in Ref. [5].  
 

E = 10 270 (fck)0.5 + 140 000  (kg/cm2) 
 
3. Description of Analysis Input 
 
3.1. Elastic Seismic Loads  
 
Review Level Earthquake (RLE) for TR-2 research reactor site has been found as 0.40g, peak ground 
acceleration (PGA) in horizontal direction. The 0.40g PGA is assumed to be a mean estimate for a 500 
year of return periods (Ref. [1]). Acceleration Response specturm obtained from the Turkish 
earthquake resistant design code (Ref. [2]) and normalized to 0.40g (Figure 2) was used in the 
analysis.  The peirod of TA and TB  taken from the Turkish earthquake resistant design code according 
to the TR-2 site condision are 0.15 sec. And  0.40 sec. respectively. The Building Importance Factor 
and Seismic Load Reduction Factor were taken as 1.5 and 2.25 respectively.   
 

 
FIG. 2. Spectral Accelerations 
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S (T)= Spectrum Coefficient ,   TA,TB =Spectrum Characteristic Periods, sec 
 
3.2. Soil properties of theTR-2 site 
 
Detailed soil investigation studies were conducted at the TR-2 site in 1984 (Ref. [ 3]). Soils underlying 
the TR-2 reactor building are stiff to very stiff clays and silts down to considerable depths. Bedrock 
was not encountered within the depth of 75 m borehole exploration. The groundwater table is 
stabilized at about 36.20m. The seismic reeponse of a building are greatly affected by soil. Since high 
uncertainties in soil data was exist, the typical range of shear modulus variation (0.5G [Lower bound], 
1G [best estimate] and 2G [upper bound])are used in analyses.       
 
3.3. Structural Model of Reactor Building 
 
A 3D finite-element model of the TR-2 reactor building was generated using appropriate solid, shell, 
beam and spring elements. In the model, 4648 nodes and 602 frames, 1827 shells, 1334 solid elements 
are used. Water in the pool is modelled as an equivalent system of masses and springs as described in 
Ref. 4. The elastic in-plane stiffness of a solid unreinforced masonry infill panel prior to cracking is 
represented with an equivalent diagonal compression strut in the model. Heavy equipment, such as 
tanks, pump, reactor etc., are included as masses. The cranes are also included. This model is shown in 
Figure 3. 

 
4. Dynamic Analysis of Structural System  
 
Mode-superposition method are used in the analyses of the reactor building. In the mode-superposition 
method, the maximum internal forces and displacements are determined by the statistical combination 
of maximum response quantities obtained in each of the vibration modes to be considered in sufficient 
number. The number of modes to be considered in the analysis shall be determined such that the sum 
of effective modal weights (masses) corresponding to the given earthquake direction shall not be less 
than 90% of the total building weight (mass).  
 
Stresses calculated for the three soil cases were obtained and used for the seismic qualificaiton of the 
reactor building. Maximum stresses at all the necessary elements are calculated to formally qualify the 
complete building. Combination of stresses due to the different load cases were made according to 
Turkish regulations.     
 
5. Capacity Evaluation of Structural Elements  
 
The capacities for all elements that are needed to qualify the complete building are calculated. These 
included the frames in the superstructures, beams at the roof, basement walls, reactor pool walls, and 
the mosonary infill walls. Capacity calculations were done according to Turkish codes (Ref. [ 5]). 
Capacity for all failure modes of each element was calculated. For example, in-plane and out of plane 
capacity of the mosonary, bending moment and shear force capacity of shear walls, beams, column 
were considered. As an example, the following formula was used to calculate bending moment 
capacity of the shear walls.   
 

Mu  = 0.5 As fyk d [ 1 + ( N / As fyk) ] ( 1 - γ ) 
 

Mu  : moment capacity of shear wall  
As  : total vertical reinforment area at shear wall  
ρ  : Total vertical reinforcement ratio at shear wall  
b  : Thickness of shear wall  
d  : Length of the shear wall  
fyk  : Characteristic yield strength of reinforment  
fck  : Characteristic compresion strength of concrete  
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fcu  : Characteristic cube compresion strength of concrete  
N  : Axial load (multipled by load factors) on shear wall  
γ  : ( α+ β ) / ( 2β + 0.85 β1 ) 
β1  : 0.58 
α  : 1.2 ρ fyk / fck 
β  : 1.2 ρ N / b d fcu 
 
The capacity/stress verificaiton was done and capacity ratio results indicated the need for seismic 
upgrades in some structural elements of the reactor building.   
 
6. Seismic Upgrading of the Reactor Building  
 
The ugrading project was developed on the basis of the results of the dynamic analyses and evaluation. 
Mainly seventeen shear walls out side of the building would support the structure from the top (Figure 
4). These shear walls would be setteled on the pile foundation against over-turning moment. A 
justification of the upgrading project with respect to the safety criteria was performed. After the new 
series of analyses,  capacity verification was performed.  
 
 

   
 

FIG. 3. Structural model of reactor building before upgrade 
 

 
 

FIG. 4. Structural model of reactor building after upgrade 
 
7. Push Over analyses results before and after upgrading 
 
In the nonlinear static procedure or pushover analysis, seismic demands are computed by nonlinear 
static analysis of the structure which is subjected to monotonically increasing lateral forces with an 
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invariant height-wise distribution until a target displacement is reached. Pushover analyses before and 
after upgrade of the reactor building were carried out (Figs. 5 and 6). 
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FIG. 5. Load deformation curve based on the base shear force and roof displacement result of the 

reactor building before upgrade 
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FIG.6. Load deformation curve based on the base shear force and roof displacement result of the 

reactor building after upgrade 
 

8. Conclusions 
Upgrading project was developed for TR-2 research reactor building. A justification of the upgrading 
project for all failure modes of each element with respect to the criteria was performed. After the new 
series of analyses,  capacity verification was performed. Pushover analysis revealed that capacity of 
the reactor building will be increased significantly after upgrading. During the generation of the 
upgrading project of the reactor building, different alternative solutions are considered. For example, 
replacing of the roof of the building with light steel truss roof sistem, adding shear walls and mounting 
existing columns or adding steel brace between frames etc. But, putting shear wall to the out side from 
the top of the structure was thought as the best solution for easy application and prevention of possible 
damage to mechanical and electrical equipments.         
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Abstract. The older Canadian multi unit nuclear power plants were designed at a time when seismic standards 
were not in place for such facilities. Seismic loading was applied, in accordance with the National Building Code 
of Canada, as a uniform lateral load equal to a percentage of gravity.  In order to assess the seismic capacity of 
the early built plants, the Canadian Nuclear Safety Commission (CNSC) settled on Seismic Margin Assessment 
(SMA) as accepted methodology for evaluating the seismic capacity of components above the Design Basis 
Earthquake (DBE). This paper focuses on the history and implementation of this methodology. 
 
1. Historical perspective 
 
By the1980s, the scientific world had already agreed, based on new geological data and a better 
understanding of seismic phenomena, that some old seismic designs needed to be reviewed.  There 
were concerns that, although unlikely, some existing nuclear power plants could potentially be subject 
to earthquake induced stresses, beyond their original design provisions. Extensive research was 
carried out in North America to develop new methodologies for assessing the capacity of existing 
nuclear power plants above the Safe Shutdown Earthquake (SSE). In Canada this is called the Design 
Basis Earthquake (DBE).    
 
The United States Nuclear Regulatory Commission (USNRC), who was a prime mover in this 
research, settled on two major methodologies for re-evaluation of seismic margins, Seismic Margin 
Assessment (SMA) (USNRC approach and EPRI approach) and Seismic Probabilistic Safety 
Assessment (SPSA). Other countries, including Canada, also adopted these methodologies. The main 
difference between the two approaches is that while SMA assesses the capability of the plant to 
survive a benchmark earthquake, named Review Level Earthquake (RLE), the SPSA assesses the 
effect of a range of earthquakes on the frequency of severe accidents and external radioactive 
releases.  
 
2. Seismic regulatory requirements in Canada  
 
2.1. Safety regulatory requirements on seismic issues 
 
The Canadian Nuclear Safety Commission (CNSC) is Canada’s nuclear regulator. As part of its 
mandate, the CNSC ensures that Canadian nuclear power plants are built and operated such that, 
under a DBE, the reactor can be shutdown safely, the fuel can be cooled and radioactive releases can 
be contained. This generally entails being able to do at least the following: 
- Shutdown the reactor and maintain it indefinitely in this state; 
- Systems required to remove decay heat from the fuel remain functional during shutdown period; 
- Provide adequate containment so that any potential radioactive releases are within the limits 

permitted for the public by the site criteria established by the CNSC; 
- Monitor the status of the nuclear steam supply;  
- Prevent a seismically induced loss of coolant accident; and, 
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- Limit damage to systems, other than the reactor, to such extent that potential radioactive releases 
do not exceed allowable limits. 

 
2.2. Seismic requirements 
 
2.2.1. Seismic requirements for current nuclear power plants (those designed when specific 
nuclear seismic standards were in place) 
 
The structures and mechanical and electrical components necessary to perform the required safety 
functions need to be seismically qualified. This is generally understood as having to meet the 
requirements of the seismic series of the national standards CSA 289: [1], [2], [3], [4] and [5]. This 
requirement is ensured indirectly by cross-reference in the operating license released by the CNSC for 
each nuclear power plant. While these standards do not yet incorporate the latest thinking on seismic 
loads and would need updating for any new plants, they form the basis for the regulatory framework.  
 
The Canadian seismic approach utilizes two different levels of seismic requirements, based on the 
safety function that the system, equipment or structure has to perform during, after or, during and 
after an earthquake. This approach is similar to that of other regulators. 
 
The two earthquake levels are Design Basis Earthquake (DBE) and Site Design Earthquake (SDE), 
defined as follows: 
- DBE is an artificial representation of the combined effects in the free-field at the location of the 

site, of a set of possible earthquakes having a sufficiently low probability of exceedence during 
the life of the plant, and expressed in the form of response spectra or time-history. Usually, this 
low probability of exceedence is less than 0.001 per year.  

- SDE is an artificial representation of the combined effects in the free-field at the location of the 
site, of a set of possible earthquakes having an occurrence rate of 0.01 per year, and expressed in 
the form of response spectra or time-history.  

 
2.2.2. Seismic regulatory requirements for “early-built” nuclear power plants (those designed 
before specific nuclear seismic standards were in place) 
 
The older Canadian multi unit nuclear power plants were designed at a time when seismic standards 
were not in place for such facilities. Seismic loading was applied, in accordance with the National 
Building Code of Canada, as a uniform lateral load equal to a percentage of gravity. This code 
specified that a uniform lateral load equal to a percentage of gravity, 2 % in the 1960 edition of the 
code, be applied statically. However, these minimum requirements were not the actual basis for 
design. And the actual design loads utilized were several times higher. In addition, the designs 
included and the actual plants were built with explicit fail-safe features for shutdown in the event of 
earthquakes. As an example, earthquake induced power failure would lead to shut off rods being 
dropped into the core. 
 
Nevertheless, as a result of general advancements in seismic knowledge and in consideration of the 
results of the late 1980s USNRC reassessment of the potential seismic hazard in the eastern United 
States, Canada embarked on its own reassessment. The comprehensive initiative, encompassing 
almost a decade of intensive work, had two major goals:  
 
(a) Selection of the most appropriate seismic assessment methodology to determine whether existing 

plants had sufficient safety margin, over their intended design, to ensure that the risk to the 
public and environment posed by a credible seismic event was within regulatory limits; and, 

(b) Analysis of the Probabilistic Seismic Hazard in southeastern Ontario, where the majority of 
Canadian nuclear power plants are located. 
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2.2.2.1. Selection of the appropriate seismic assessment methodology 

 
CNSC selected the EPRI approach to the Seismic Margin Assessment methodology, described in 
detail in [6]. The EPRI approach requires demonstration that a reliable operational sequence using a 
set predefined of components, named “success path”, exists which would allow, in the event of a 
sufficiently high earthquake, a nuclear plant to safely shutdown and maintain the plant in hot/cold 
shutdown condition for at least 72 hours following the event. This benchmark earthquake, or Review 
Level Earthquake (RLE), exceeds the design basis earthquake (SSE in USA or DBE in Canada). The 
Canadian rationale of selecting the EPRI approach is documented in AECB report INFO-0419 [7].  
This approach took into account the specific design characteristics of CANDU plants, as well as the 
specific characteristics of the plants to be reviewed.   
 
The EPRI approach has the following benefits, in addition to having a sound technical basis: 
- The methodology is fairly practical, direct and reliable in evaluating the safety systems; 
- The methodology provides evaluation criteria for the assessment of success path components that 

may be used for walk-down; 
- Systems not included in the success path may be assumed to have ceased providing their intended 

functions; 
- Major structures and components that are robust and appear to have high strength, can generally 

be screened-out from detailed seismic margin review, simplifying the process; and, 
- Systems and components can be qualified by database comparisons with other designs and with 

qualified processes utilized in other similar plants. This is an advantage when data is available 
from newer plants, constructed to specific nuclear seismic standards.  

 
Subsequent to the issuance of the above report, operators of “early built” plants were requested to 
produce an implementation plan to carry out a compliant seismic safety margin review of the plants.  

 
2.2.2.2. Probabilistic Seismic Hazard Analysis of two southern Ontario plant sites  
 
In 1995, the CNSC held a workshop on seismic hazard assessment in southern Ontario. Its purpose 
was to review available geological and seismological data that could change the perception of 
earthquake occurrence in southern Ontario and to adopt a consensus on approaches that should be 
adopted for the characterization of seismic hazard.  

 
A five-person multi-disciplinary Review Panel recommended that a scoping probabilistic Seismic 
Hazard analysis should be conducted for two sites near Toronto. A seismic hazard report [8] 
concluded that the expected site ground motion at these sites should be defined from events of once in 
a lifetime, to severe events expected once in 10,000 years. This agreed with the Review Level 
Earthquake chosen by the licensee for the same sites.  

 
2.3. Review of licensee’s Seismic Margin Assessments submissions for “early built” plants  

 
The “early built” Canadian nuclear plants, both multi-unit stations, adopted the EPRI approach to the 
SMA, as recommended in the AECB/CNSC report [7].  
 
The RLE selected for both sites was at the 84th percentile, 10-4 per year recurrence uniform hazard 
spectrum (UHS). This level of earthquake can be expected to result in a core damage frequency of 
less than about 2x10-5 per year, similar to that at most US nuclear plants where seismic assessments 
were performed in the past [7]. For one plant, RLE was anchored to 0.235g peak ground acceleration 
(PGA) and, for the other, 0.15g PGA. The RLEs were selected sufficiently high to challenge the 
plants and thus meet the intent of the requirements. 
 

254



 

Plant walk-downs carried out at both sites confirmed that most of systems and components were 
robust, despite the fact that they were designed before the seismic standards were in place. The 
experience gained at the initially evaluated plant has being used in the screening process at second 
plant. Consequently, similar systems and components were easily screened-out. The engineering 
judgment required in the screening process was facilitated by the lower seismicity of the second plant. 
  
While the plants themselves were found to be quite rugged, a number of components were identified, 
at both sites, as having a low seismic capacity (did not pass the screening criteria or the seismic 
analysis). Proposals for seismic upgrades were submitted to the regulator, the CNSC, for approval. 
CNSC staff recommendations were based on the reviews of the SMA submissions and on 
observations gathered during the system walk-downs. CNSC site staff has, and continue to, follow up 
with detailed inspections of any implemented upgrades. This provides confidence in the effectiveness 
and availability of the upgrades and eases the approval process.  
 
3. Conclusions 
 
The SMA methodology, when incorporated with features specific to CANDU, was found to be an 
effective and efficient means for seismic assessment of “early built” Canadian multi-unit nuclear 
power plants. The utilized RLE was determined conservatively, consistent with requirements of [6] 
and was based on results from a recent PSHA for the area, leading to credible results.   
 
The evaluations clearly showed that there is inherent ruggedness in structures and equipment, 
resulting from the application of commercial building codes and good engineering practice. The 
evaluations also identified a number of required seismic upgrades. The implementation of these 
upgrades will result in improved safety. 
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Abstract. Two Boiling Water Reactors of 210 MWe each at Tarapur Atomic Power Station, Unit-1 and Unit-2 
(TAPS-1&2) were commissioned in the year 1969. The safety related civil structures at TAPS had been designed 
for a seismic coefficient of 0.2g and other structures designed for 0.1g. The work of seismic re-evaluation of the 
TAPS unit 1&2 has been taken up in the year 2002.  As two new PHWR plants of 540 MWe each, TAPP-3&4, 
are coming up in the vicinity of TAPS-1&2, detailed geological and seismological studies of the area around 
TAPP-1&2 are available.  The same free-field ground motion as generated for TAPP-3&4 has been used for 
TAPS-1&2. The seismic re-evaluation of the plant has been performed as per the procedure given in IAEA, 
Safety Reports Series entitled “Seismic Evaluation of Existing Nuclear Power Plants”, and meeting the various 
codes & standards, viz., ASME, ASCE, IEEE standards etc. The Safety Systems (SS) and Safety Support 
Systems (SSS) are qualified by adopting detailed analysis and testing methods.  The equipment in the SS and 
SSS have been qualified by conducting a walkdown as per the procedure given in Generic Implementation 
Procedure, Dept. of Energy (GIP – DOE), USA. The safety systems include the systems required for safe 
shutdown of the plant, the systems required for one chain of decay heat removal and the systems required for the 
containment of activity.  The safety support systems viz. Electrical, Instrumentation & Control and systems other 
than SS & SSS have been qualified by limited analysis, testing and mostly by following the procedure of 
walkdown. The paper brings out the details of the work accomplished during seismic re-evaluation of the two 
units of BWR at Tarapur. 
 
1. Introduction 
 
Nuclear power plants designed in India since 1975 have been designed for earthquake loading.  
Designers and equipment suppliers are therefore required to consider seismic loading as a major load 
case in the design.  In India, 14 Nuclear Power Plants (NPPs) viz., NAPS-1&2, KAPS-1&2, KAIGA-
1,2,3&4, RAPS-3,4,5&6 and TAPP-3&4 have been seismically qualified using state of the art 
techniques involving both seismic analysis and testing. 
 
The older generation plants viz., TAPS-1&2, RAPS-1&2 and MAPS-1&2 were seismically designed 
according to the standards prevailing at the time of their construction but not designed to the rigour  of 
the current design practice.  These plants are being re-evaluated for seismic loading as per IAEA 
Safety Standard [1] which has been followed for re-evaluation of older generation plants in Eastern 
European countries.  The two units of Tarapur Atomic Power Station (TAPS-1&2) are the first units 
taken up for such a seismic re-evaluation in India. The Tarapur Atomic Power Station consists of twin 
Boiling Water Reactors (BWR) of 210 MWe each, now operating at 160 MWe each, as the secondary 
steam generators have been taken out of operation.  These plants were build by General Electric, USA 
as a turnkey Project.  The constructions of these plants commenced in the year 1964 and these were 
commissioned in the year 1969.  The plants were designed for seismic loading by using equivalent 
static analysis method [2].   As these plants were not designed as per the state of the art technology, 
which is being used in the seismic design of the new Nuclear Power Plants, the seismic re-evaluation 
of the plants has been undertaken.  The Safety Systems (SS) and Safety Support Systems (SSS) are 
qualified by adopting a detailed analysis and testing methods.  The equipment in the SS and SSS have 
been qualified by conducting a walkdown as per the procedure given in Generic Implementation 
Procedure, Dept. of Energy (GIP – DOE), USA. The safety systems include the systems required for 
safe shutdown of the plant, the systems required for one chain of decay heat removal and the systems 
required for the containment of activity.  The safety support systems viz. Electrical, Instrumentation & 

256

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Nein     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: AbbrechenEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Ja     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Error     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile (‹ñI)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket true     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages false     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 1200     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



 

Control (I&C) and systems other than SS & SSS have been qualified by limited analysis, testing and 
by following the procedure of walkdown. The paper brings out the details of the work accomplished 
during seismic re-evaluation of the two units of BWR at Tarapur. 
 
2. Seismic design of the structures, systems and equipment (SS&E) As done by GE in 
1965 
 
The seismic design of the Structures, Systems and Equipment (SS&E) in TAPS-1&2 has been carried 
out by GE using equivalent static analysis method way back in 1965.  The Class I and Class II civil 
structures were designed for a horizontal seismic coefficient of 0.2g and 0.1 respectively [2].  The 
Class I structures were designed as per the provisions of ACI 318.  The piping systems were designed 
for 0.5% damping free field ground spectrum by equivalent static analysis method as per ANSI B31.1 
and B31.3 codes. 
 
3. Seismic re-evaluation of SS&E      
 
The seismic re-evaluation of TAPS 1&2 has been taken up in the year 2002. The Seismic re-evaluation 
has been performed as per the guidelines given in IAEA Safety Standard [1].   The steps involved in 
the seismic re-evaluation of older generation plant are to arrive at the ground motion, to classify the 
structures, systems and equipment in the power plant for their safety, to re-evaluate the class-1 safety 
structures by response spectrum analysis and to perform time history analysis of the same to generate 
floor time histories & floor response spectra and re-evaluate the SS&E in the safety system which 
perform the role in shutting down the plant, decay heat removal & containment of activity and also the 
safety support systems which perform a supporting role in the above functions.  The details of the 
steps followed in the seismic re-evaluation of the plant are given below: 
 
3.1. Design Basis Ground Motion (DBGM) 
 
As two new PHWR plants of 540 MWe each, TAPP-3&4, are coming up in the vicinity of these 
plants, detailed geological and seismological studies of the area around TAPS-1&2 are available. As 
such, the DBGM of TAPP3&4 has been used for the seismic evaluation of SS&E of TAPS-1&2 
(Figure-1). The DBGM compatible artificial time history has been used for time history analysis of 
safety structures to generate the floor time histories and floor response spectra which are used for the 
seismic re-evaluation of SS&E. 
 
3.2. Seismic re-evaluation of various Safety Related Civil Structures  
 
The important safety related civil structure of TAPS 1&2 are Reactor building, Service building, 
Turbine building, Intake Structure and Stack. 
 
3.3. Seismic Re-evaluation of various mechanical, electrical, I&C systems and equipment   
 
In case of a new NPP, all the safety systems and all the safety support systems are required to be 
qualified for earthquake resistance by way of analysis and testing to demonstrate their structure 
integrity, pressure boundary integrity and functional operability.  However, in case of a older 
generation plant like TAPS 1&2, the following Safety Systems (SS) and the Safety Support Systems 
(SSS) have been evaluated for their seismic resistance. 
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Fig 1. Design Basis Ground Motion for Re-evaluation of  TAPS-1&2 
 
3.3.1. Safety System (SS) 
 
(1) Systems required for the shutdown of the plant; CRD System. 
(2) Systems required for decay heat removal; RPV, re-circulation line, emergency condenser line, 

S/D cooling line, RBCW, SSW. 
(3) The systems required for containment of activity, box-up system and the containment. 
 
3.3.2. The Safety Support Systems (SSS)  
 
(1) Electrical systems - DG, MG & Battery banks 
(2) Instrumentation systems - All control & instrumentation in relation to above safety and safety  

support systems.  
 
3.4. Seismic re-evaluation Methodology 
 
The safety systems and safety support systems are to be evaluated by performing analysis & testing 
depending on the functional requirements. The Structures Systems and Equipment (SS&E) have been 
qualified by Seismic Margin Assessment Method (SMA). Seismic margin assessment is based on 
deterministic method, where in the structure or piping responses, have been calculated by usual 
response spectrum method, time history method or equivalent static analysis method with due 
justification for the method used. While calculating the response, the damping and the ductility 
reduction factor as given in IAEA Safety Standard [1] have been used.  The subsequent design check 
has then been conducted using ASME code for piping and ACI 349 code for civil structure. The 
equipment in the safety system and safety support system, have been qualified by a walk down. The 
walk down has been conducted as per the guidelines given in IAEA safety standard [1].    
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4. System re-evaluation 
 
4.1. Reactor Pressure Vessel 
  
In the present re-evaluation, while performing the dynamic analysis of the Reactor Building - Service 
Building (RB-SB), the reactor pressure vessel, secondary steam generator, re-circulation piping, re-
circulation pump have been modeled along with the biological shield and the steel support grid 
structure and the snubbers supporting the re-circulation pumps and the secondary steam generators 
were coupled with the RB-SB as a primary civil structure (Figure-2).  This integral model has 
seismically been analyzed for seismic re-evaluation of the RPV and connected equipment meeting the 
ASME codal requirement for the combination of seismic induced stresses with those from other 
operating stresses. 
 

 
Fig 2. FE model of reactor pressure vessel, pump, secondary steam generator, re-circulation piping, 

snubbers (this is an integral model with the RB-SN as primary structure) 
 
4.2. Piping System 
 
4.2.1. Approach  used for re-evaluation of piping system  
 
While carrying out the re-evaluation of the piping system, damping value and ductility reduction factor 
as given in IAEA Safety Standard [1] have been used. The piping layouts for re-circulation line, 
emergency condenser Steam line & Condensate line, Shutdown cooling piping, Reactor Building 
Circulating Water (RBCW), Salt Service Water (SSW), Control Rod Drive (CRD) System piping have 
been analyzed by response spectrum method for the envelope of the floor response spectra and the 
seismic anchor movement experienced by the piping system and qualified for the level-D requirements 
of the ASME-Section-III Sub-Section NB & NC for a load combination of dead weight, pressure and 
seismic loading due to inertia & seismic anchor movement.          
  
4.3.  Seismic re-evaluation of equipment by walk down  
 
4.3.1. The methodology of seismic re-evaluation of SS&E by walk down 
   
The seismic re-evaluation of the mechanical, Electrical and Instrumentation & control equipment and 
Civil Structures (Unreinforced Masonry walls), was conducted using the Generic Implementation 
Procedure (GIP) given in US-DOE document DOE/EH0545 titled “Seismic Evaluation Procedure for 
equipment in US DOE facility” [3]. 
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Most of the equipment in a NPP are similar to the equipment used in the industries and conventional 
power plants, which had experienced the earthquake. If a free field response spectrum (DBGM) at 
NPP site is lower than the bounding spectrum, the equipment in a NPP up to 13-meter elevation is 
considered to have met the seismic requirement. In case, the equipment is on a higher floor, then the 
bounding spectrum is increased by a factor of 1.5.   For the equipment on a floor in a NPP higher than 
13 meter elevation, it is essential that the floor response spectra is enveloped by the bounding 
spectrum increased by a factor of 1.5, if not then qualification of equipment by detailed analysis and / 
or testing is required.  
 
However, before the equipment is seismically evaluated by the above procedure, it is essential to 
demonstrate that the equipment is well anchored to the floor.  For this, it is essential that the capacity 
of anchorage of equipment is higher than the seismic demand on the anchorage of the equipment.  The 
demand has been calculated by using the accelerations from the floor response spectra corresponding 
to the frequency of the equipment and the damping of the equipment. Furthermore, it is also essential 
to demonstrate that the equipment is having construction features of the equipment similar to the one 
that had experienced the real earthquake. These details are compared with the caveats given in the 
Seismic Evaluation Worksheets (SEWS) for individual equipment as prepared and given in GIP-DOE. 
The SEWS also cover the interaction of any lower safety class equipment with the equipment under 
review.  
 
4.3.2. The various mechanical, electrical, Instrumentation & Control and Civil structures 
evaluated by walk down 
 
Following is the list of various mechanical, electrical, instrumentation & civil structures, which have 
been evaluated by walk down. 
 
Battery on Racks, Motor control centers, Low Voltage switchgear, Medium voltage switchgear, 
Distribution panels, Transformers, Battery chargers and Inverters, Instruments on Racks, Temperature 
Sensors, Fluid Operated/Air operated valves, Motor Operated valves, Solenoid operated valves, 
Horizontal pumps, Vertical pumps, Chillers, Air Compressor, Motor Generators, Engine Generators, 
Air Handlers, Fans, Horizontal Tanks and Heat exchangers, Cable and conduit raceway systems, 
Piping, HVAC ducts, Vertical tanks, Underground piping, HEPA filters, Miscellaneous Machinery, 
Gas cylinders, Un-reinforced Masonry (URM) walls, Raised floors, Storage Racks, Relays etc. 
 
4.3.3. Seismic re-evaluation of SS&E  by walk down 
 
As brought out above, the safety related SS&E of TAPS 1&2 have been re-evaluated by conducting a 
detailed walk down of the plant in April and May 2003.  Many of the equipment met the SEWS 
requirement.  However, some of the SS&E had some deficiencies and were recommended for retrofit 
to increase the seismic resistance or were recommended for maintenance type of modification to 
overcome the interaction effects. 
 
4.3.4. Recommendations for Seismic up-gradation 
 
Some of the Recommendations for Seismic Upgradation are given below: 
 
4.3.4.1. Shutdown Cooling and RBCW Heat Exchangers  
 
The shutdown heat exchangers are mounted one above the other in three tier, held with each other by 
four bolts.  The total load on the anchor bolts is a cumulative load from all the three heat exchangers. 
In case of RBCW heat exchangers, two of them are mounted one above the other and connected to 
each other by 8 nos. of bolts.   The shear & pullout loads on anchor bolts are inadequate to meet the 
seismic demand.  The demand is more than the capacity The detailed information about the material 
property of the bolt material is being collected to confirm the finding.  Depending on the findings, 
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retrofitting measure will be suggested for implementation, to be implemented in 2005 during a long 
shutdown to be taken up for safety and seismic upgradation.    
 
4.3.4.2. Condensate Storage tank (T1A) & (T1B)   
 
It is observed that the distance between center of the anchor bolt to the concrete edge is less than the 
required minimum edge distance, hence it is recommended to provide additional concrete blocks 
connected to foundation raft having dimensions 0.6 x 0.3 x 1.0 m deep around the bolts.     
 
4.3.4.3. Reactor Protection Panel, Motor control Center, Switch-Gear Panels    
 
It is mentioned in the drawing that the panel should be plug welded to the embedded concrete channel 
in the Cable Spreading Room. However, during walkdown, the welds could not be verified, as the 
panels were live.  The weld details of the protection panel will be inspected during the major shutdown 
being undertaken during the 2005 for safety/ seismic upgradation and if it is found that such welding 
are not present or are inadequate, then these will be provided during the long shutdown in 2005.   
 
4.3.4.4. Control Room panels  
 
It is observed that in the main control room after the last row of control panels, there are many 
unanchored lockers. These lockers may slide and overturn on to the instrumentation panels, which 
may result in damage to the main control room panels in the last row.  There are suitcases on the 
lockers, which contain air masks.  These suitcases may slide and drop on to the control panels in the 
last row.  It is recommended to move these lockers and the suitcases to different place outside the 
control room.  However, if the lockers are to be kept in the present position, the locker may be 
anchored to the floor or to the wall rear of the lockers, with a chain on to the suitcases. 
   
4.3.4.5. Battery Bank # 1 and # 2 
 
Battery Bank no # 1, which is located in the Battery Bank Room of Service Building, is mounted on 
wooden stands. It is recommended to provide new MS Stands.  Battery Bank no. 2 which is located in 
Service Building Corridor is being relocated and replaced. While replacing these battery banks, 
seismically qualified stands and cells will be used.  
 
4.3.4.6. Emergency Diesel Generator  
 
Emergency DG Sets presently located in SB will be replaced by new ones and relocated in seismically 
designed DG Building.  These DG sets and their auxiliaries are being designed for the seismic 
resistance.     
  
4.3.4.7. Unreinforced Masonry Walls 
 
Most of the brickwalls in the plant have been provided with internal or external reinforcement. Only a 
few walls are not having reinforcement. A total of Five walls in the service building & turbine 
building require strengthening by way of providing external steel beams.  
 
4.3.4.8. Cable Tray Supports 
 
Most of the cable trays have been provided with rod hanger supports from the wall or from the ceiling 
with horizontal supports after every 4-5 dead weight support.  At few places, the cable tray supports 
are having hot spot supports i.e. short length support from the beam bottom.  Such supports will be 
moved to the nearest EP in the ceiling. 
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4.4. Seismic re-evaluation of delicate instruments viz. relays contactors etc. by testing 
 
The delicate instruments which perform a role of sensing a change in the parameter variation 
(temperature, pressure, current, voltage) viz. pressure gauge, thermowell and then the devices required 
for transmission of the signals viz.,, relays and contactors etc. in electrical and instrumentation panels 
or racks are required to be qualified by shake table testing to demonstrate their operability during a 
earthquake induced vibratory motion.  This cannot be demonstrated by analysis.  Such instruments in 
TAPS 1&2 that have been supplied either by GE or other companies in USA have been tested by 
General Electric. The report titled "Licensing topical report on seismic qualification of class-I 
Electrical equipment" NEDO-10678, 72 NED81 Class-I November 1972 by L.D. Tests [4] brings out 
various tests conducted on the above listed devices and also brings out the accelerations to which 
devices were subjected during the tests up to which the devices have performed well without any loss 
of function.  Many of the devices used in TAPS-1&2 are included in the test report. 
 
4.5. Seismic re-evaluation of Civil Structures 
 
The civil structures viz. Reactor Building, Service Building, Turbine Building, Intake Structure & 
Stack which house the SS&E of SS and SSS have been qualified for earthquake resistance.   The 
qualification has been completed as per ACI-349, 2001.  A computer code NISA-CIVIL [5] has been 
used for this analysis and seismic re-evaluation.  
  
4.5.1. Approach used for re-evaluation of civil structures  
 
The safety structure of TAPS 1&2 had been Seismically qualified by GE in 1965 for 0.2g and other 
than safety structures had been qualified for 0.1g by seismic co-efficient method. The civil structures 
viz. Reactor Building, Service Building, Turbine Building, Intake Structure & Stack, which house the 
SS and SSS, have been re-evaluated freshly for earthquake resistance. The re-evaluation has been 
completed as per ACI-349, 2001. A computer code NISA-CIVIL has been used for this analysis. 
These civil structures have been modeled by finite element method. The finite element model of 
Reactor buildings & Service building is shown in Figure-3.  
 
The time history analysis of these structures has been carried out by using model super position 
techniques to arrive at the time histories and the response spectra at the various floors of the structures.  
These response spectra have been used for seismic re-evaluation of the equipment and piping 
supported on various floors of the building.  
 
Same finite element models have been used for seismic re-evaluation of the buildings.  Damping value 
and ductility factor as listed in [1] have been used in the analysis.  The seismic re-evaluation of the 
safety related civil structures at TAPS 1&2 has been conducted by following the procedure as brought 
out above and have met the codal requirements of ACI 349, 2001.  
 
5. Conclusion 
 
5.1. Seismic re-evaluation of TAPS 1&2  
 
5.1.1. General 
 
The seismic re-evaluation of TAPS-1&2 has been done by way of detailed analysis of civil structures, 
reactor pressure vessel, piping systems; walkdown of Structures, System & Equipment and shake table 
testing of active devices. 
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Fig 3: Finite Element Model of Reactor and Service Building 
 
 
5.1.2. Finding of the Analysis of Piping System 
 
Finding of the analysis of piping systems carried out using the rigorous response spectrum analysis 
method, using the floor response spectra and seismic anchor movement indicate that all the piping 
systems have been qualified satisfactorily as per the requirements of ASME Section III, subsection NB 
& NC codes.  This further indicates that the piping systems which were designed by General Electric 
by ANSI B31.1 & B31.3, using equivalent static analysis method by using 0.5% damping free field 
ground motion, in turn meet the latest codal requirements.  In the re-evaluation, the analysis conducted 
using the rigorous calculation methods to arrive at the realistic seismic responses, with the damping 
values and ductility reduction factors as given in IAEA Safety Standard [1].    
 
5.1.3. Findings of the Analysis of Civil Structures 
 
The civil structures at TAPS-1&2 were designed way back in 1965 using the then civil design codes 
have met the latest ACI 349 code.  The analysis and design techniques used in the present analysis are 
much sophisticated.  The finite element model using shell element is bound to give a very precise 
insight in to the forces and movement in a civil structure.  Even small openings in the walls & floors 
have been modeled in the present re-evaluation.  Irrespective of such an indepth calculations 
performed on the civil structures designed & built way back in 1965  by using the then civil structural 
design code and using the seismic co-efficient method met the latest design codal requirement with the 
damping and ductility reduction factors given in IAEA Safety Standard [1]. 
 
5.1.4. Findings of the Walkdown  
 
The methodology of seismic re-evaluation of other structures & equipment by way of walkdown, 
where in by using simple methods of looking at the possible interaction effects of adjacent SS&E on to 
the equipment under review, by comparing the capacity of the anchorage of the equipment with the 
demand on the anchorage, by demonstrating that the DBGM of the site is less than Bounding spectrum 
as given in GIP DOE, which is based on the experience based data of equipment which have seen real 
earthquake and by comparing the similarity of the equipment under re-evaluation with the details of 
the equipment given in the SEWS of the equipment, although a laborious exercise is a good tool to 
evaluate the equipment  and to up-grade those, which are deficient in seismic resistance.  Some of the 
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recommendations of upgradation will be implemented immediately and remaining will be 
implemented in the long shutdown to be taken up in 2005 for safety and seismic upgradation.  
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Presented by Error! Unknown document property name. 

Aseismic designing of NPP is important part of nuclear energy engineering safety in Russia and all 
over the world. Russian NPP are designed in according with aseismic designing normative base of 
documentation, including Federal Norms and Rules, guidelines of branch and institutes, 
recommendations of IAEA and other direction and recommendations documents.   
 
We are developing our aseismic designing normative base  to improve  the degree of NPP safety, to 
take into account last investigations in this field and appropriate international  recommendations. 
 
Two new main Federal Guidelines for aseismic designing of NPP were worked out by work group of 
leading branch specialists, were submit to leading institutes of Minatom of Russia and were approved 
in 2001 by Federal Regulatory Body of Russia: 
- “Aseismic designing Norms of NPP” (НП-031-01), was approved 19.10.01 by decision №9, 
- “Location of NPP. The main safety criterions and demands”, was approved 08.11.01 by decision 

№10. 
  
“Aseismic designing Norms of NPP” establishes the demands of safety assurance of on-ground NPP 
after seismic influence, assignments of seismic category of NPP components, assignments of seismic 
influence  parameters, assurance of seismic reliability of construction, technological and electrical 
equipment,  control and regulation systems of NPP. This document was assigned instead of  “ 
Aseismic designing Norms of NPP” (ПНАЭ Г-5-006-87), which was revised in according with 
Federal Laws “ About utilization of atomic energy”, “About radiation safety of population”, Federal 
Norms and Rules, complete set of maps “General seismic division into districts of Russian Federation 
territory”, and recommendations of IAEA №50-SG-D15, Viena, 1992,  №50-SG-S1 (rev.1), Viena, 
1994, 
 
The document contains: 
1. The document assignment and area of utilization. 
2. The main contents. 
3. Definition of seismic conditions of NPP location region and NPP site. 
4. Constructions and fundaments. 
5. Technological equipment and pipelines. 
6. Electrical, control and regulation equipment. 
7. Aseismic and defence measures. 
 
Enclosures: 
- Consideration of ground conditions influence on definition of  seismic conditions of  NPP site, 
- Standard work program for elaboration of geo-dynamic and seismic conditions of  NPP site, 
- Standard seismic influence, 
- Definition of constructions components strength during line method calculations, 
- The main contents of liquid container seismic conditions calculations, 
- The main contents of length constructions. 
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The second document “Location of NPP. The main safety criterions and demands” establishes the 
main criterions and demands for safe location of NPP regarding influence of natural and technical 
factors, process and phenomenon, and NPP influence on environment and population. 
 
This document was assigned instead of  “Location of NPP. The main safety criterions and demands”  
(ПНАЭ Г-03-33-93), which was revised in according with Federal Laws “ About utilization of atomic 
energy”, “About radiation safety of population”, Federal Norms and Rules, including “General 
contents of NPP safety assurance”, “Norms of radiation safety assurance ”, “ Consideration of external 
natural and technical influence on nuclear and radiation objects” and other normative documents, 
recommendations of IAEA for selection of NPP site safety assurance (№50-C-S,  №50-SG-S1 (rev.1), 
№50-SG-S5, №50-SG-S7, №50-SG-S9, №50-SG-S11A, №50-SG-S11B). 
 
The document contains: 
1. The document assignment and area of utilization. 
2. The main contents. 
3. The main criterions and demands for safe location of NPP. 
4. The demands for consideration of natural and technical influence. 

4.1. Natural factors, process and phenomenon. 
4.2. Technical factors, process and phenomenon 

5. The demands for consideration of NPP influence on environment and population. 
 
 
Both guidelines “Aseismic designing Norms of NPP” and “Location of NPP. The main safety 
criterions and demands”  were asigned  for every type of NPP reactors. But they are not concerned the 
research reactors and now it is under consideration. Minatom of Russia intend to continue developing 
nuclear energy engineering normative base of documentation, including aseismic designing guidelines. 
This is included to Federal Aim Program “Energy effective economy”, subprogram “Safe 
development of  nuclear energy engineering”, the division “Construction of NPP”,  the Government 
Customer of this subprogram is Minatom of Russia. Now the plan of developing nuclear energy 
engineering normative base is under consideration and elaboration. It is connected also with passing 
this year Federal Law “About technical regulation”, which establishes the new demands for the statute 
of normative documents and the order of statute establishment.  
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SEISMIC ASSESSMENT OF FRENCH NUCLEAR POWER 
PLANTS 
 

 

 V. Louchea, M.K. Ravindrab, W.H. Tongb 

 aSEPTEN, Electricite de France, France 

bABS Consulting, USA 

 

Abstract. In the the last seven years, Electricite de France has been evaluating the seismic safety of some of its 
older operating nuclear power plants as part of the periodic safety review program.  The methodologies 
developed in the United States by Seismic Qualification Utility Group (SQUG) and the Electric Power Research 
Institute (EPRI) for seismic adequacy evaluation and seismic margin assessment (SMA) are employed in these 
studies. 
In the first study, EDF’s objective was to examine the applicability of SMA methodology to French nuclear 
power plants.  Tricastin Nuclear Power Plant was selected for this exercise.  A review level earthquake was 
chosen for the site by considering the effects of the median NUREG/CR-0098 spectrum shape and the RFS 
spectrum anchored to 0.3 g peak ground acceleration.  In this way, the impact of both the near-field and far-field 
earthquakes was considered. 
More recently, EDF has evaluated the seismic adequacy of Fessenheim and Bugey following the requirements of 
Generic Implementation Procedure (GIP) developed by SQUG.  This was proposed by EDF to complement the 
ongoing VD2 periodic safety review of the plants.   Although GIP recommends use of a single success path for 
safe shutdown following the design earthquake, EDF chose to use two alternate success paths required in a 
seismic margin assessment.  Further, the safe shutdown equipment list (SSEL) was expanded to cover systems 
needed to assure containment performance.   
SSEL items were inspected at these three plants following the GIP and SMA walkdown procedures.  Seismic 
adequacy and margin evaluations were done taking into account the specific design, testing and anchorage 
features of EDF plants.  These studies assisted in the validation of seismic upgrades of certain items (e.g., block 
walls and anchorage of electrical equipment) implemented as a result of other EDF programs. 
 
1. Introduction 

Nuclear power plants owned and operated by the Electricite de France have been seismically designed 
and qualified following the French regulations in force at the time of design.  Further, the plants are 
reviewed every ten years following the periodic safety review program.  EDF has been monitoring the 
seismic reevaluation research activities in the US and other countries over the last 20 years.  In 1995, 
EDF decided to conduct an exercise to examine the applicability of seismic margin assessment 
methodology to EDF nuclear power plants.  Tricastin nuclear power plant located in the Rhone Valley 
was chosen for this exercise.  Details of this study are given in a later section. 

As an addition to the Periodic Safety Review followed by EDF, the seismic adequacy of Fessenheim 
and Bugey nuclear power plants is being verified using the GIP.  For the sake of completeness and to 
have additional assurance of seismic safety, EDF decided to expand the scope to cover two alternate 
success paths and to include some of the requirements of the Individual Plant Examination of External 
Events (IPEEE).  Details of these studies are also provided in this paper. 

2. SMA of Tricastin 

The objective of a SMA is to demonstrate adequate margin over the Safe Shutdown Earthquake (SSE) 
and to find any “weak links” which might limit such a margin.  In the SMA methodology developed 
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by the Electric Power Research Institute (EPRI), the seismic margin of the plant is measured in terms 
of the High Confidence of Low Probability of Failure (HCLPF) capacity.  This is the earthquake level, 
greater than that for which the plant was designed, at which the plant could be confidently brought to a 
safe shutdown.  The SMA methodology takes into account the realistic failure modes of components 
and the conservatisms built into the seismic design practice.  EPRI (1991) has developed a screening 
approach to select the components and systems that need to be evaluated; the evaluation is done using 
actual earthquake experience data combined with a plant specific walkdown.  The seismic HCLPF 
capacity calculations are done for the components that could not be screened out.  Other seismic 
concerns such as seismic induced fire and flooding are also examined in this study. 

The major tasks as outlined in EPRI (1991) were followed in the Tricastin SMA.  In the following, we 
discuss some specific features: 

A starting point for SMA of a nuclear power plant is the selection of a review level earthquake (RLE).  
The review level earthquake is used to screen components on the basis of their generic seismic 
capacities and to develop realistic seismic response of structures and equipment for calculation of the 
seismic margins of important components, systems and plant.  The RLE is typically defined in terms 
of a ground motion response spectrum.   For the IPEEE in the US, a broad band spectrum such as 
NUREG/CR-0098 has been recommended.   The review level earthquake for Tricastin is based on the 
seismicity of the site and the seismic design basis of the plant and is consistent with the EPRI SMA 
methodology.    Unlike the case for the US plants, there is no site-specific probabilistic seismic hazard 
study conducted for Tricastin.  Therefore, the selection of the RLE must be based on deterministic 
evaluation of postulated earthquakes.  The French practice of considering both far sources and near 
sources to establish the design basis was followed.  The RLE was chosen as: 

• For near source earthquake, the spectrum defined as the RFS spectrum anchored at 0.3g peak 
ground acceleration (pga) 

• For far source earthquake, the median NUREG/CR-0098 spectrum for the soil site anchored at 
0.3g pga. 

 
Figure 1 shows the spectra from the RFS and EDF spectra for near and far source earthquakes 
respectively.  Plotted also on this figure is the median NUREG/CR-0098 spectrum for soil sites 
anchored at 0.3g pga.  The RFS spectrum anchored at 0.3g pga exceeds the NUREG/CR-0098 
spectrum at frequencies > 4 Hz.   The combined effects of RFS and NUREG/CR-0098 ground motion 
input were considered in the screening of components and margin calculations. 
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FIG. 1.  Comparison of Ground Response Spectra for Tricastin (Design, RFS and NUREG/CR-0098) 

We performed a review of EDF’s building models and design in-structure response spectra developed 
to the EDF standard spectrum.  It was determined that spectra scaling, as described in the EPRI 
methodology, was not feasible for the EDF spectra for the following reasons: 
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• The safety report in-structure response spectra appear to have a high degree of uncertainty 
(conservative and/or unconservative), as demonstrated by the differences in the response re-
evaluation using FEM models, 

• The in-structure response spectra have an inherent conservatism associated with the 
enveloping of all soil cases for all plants in a standard design, which was difficult to quantify 
since raw, unbroadened or un-enveloped spectra were not readily available, and 

• The spectral shape of the design spectra and the RLE differ substantially, since two earthquake 
shapes corresponding to far-source and near-source earthquakes are used to define the RLE. 

 
The recommendation was therefore to perform a deterministic soil-structure interaction analysis of all 
NPP Category I buildings for the two RLE, using existing models as appropriate and generating new 
soil-structure interaction models.  The purpose of the Seismic Margin Assessment (SMA) response 
analysis is to determine the realistic seismic demand for the building structures and equipment inside 
the buildings.  The seismic demand for the buildings was represented in terms of internal forces and 
moments in key structural members and the demand for the equipment was represented in terms of in-
structure median centered acceleration response spectra, as defined in the EPRI [1991].  Median-
centered in the SMA nomenclature means that best estimate structural properties, best estimate ground 
motions, best estimate soil properties and best estimate damping ratios were used.  No undue 
conservatism was introduced in the generated spectra, except for the conservatism associated with the 
selection of the Review Level Earthquake (RLE). 

The buildings analyzed include the Reactor Building, Fuel Building, Electrical Building, Annex 
Building, Auxiliary Building, RRI Building, Diesel Building and the pumphouse  For all buildings, 
floor spectra were generated for responses in the two horizontal directions and vertical direction given 
the input ground motion from RFS spectrum and NUREG/CR-0098 spectrum at 5% damping.  The 
buildings were analyzed using the substructure approach and procedures consistent with those 
specified in the EPRI NP-6041 and U.S. standard practices.  Soil-structure interaction (SSI) analyses 
were performed for all structures. 

The seismic margin of Tricastin Unit 3 measured in terms of HCLPF capacity is higher than the 
NUREG/CR-0098 and RFS spectra anchored at 0.3g pga.  This conclusion is arrived at by the 
comparison of the median centered response spectra at different floors generated for the RLE input 
with the design spectra and an evaluation of the HCLPF capacities of a representative set of 
components. 

• Seismic capability walkdown focused on structural integrity, anchorage and potential systems 
interactions.  Most mechanical and electrical equipment items were assessed to meet the EPRI 
SMA screening guidelines.  However, the base anchorage of some of the electrical cabinets 
were found to be somewhat deficient.  EDF has a separate program to correct these 
construction problems. 

• An important type of interaction discovered during the walkdown may arise in situations 
where some mechanical and electrical equipment are located close to masonry walls. 
Structural drawings of these walls were reviewed after the walkdown to confirm their good 
seismic ruggedness : for Tricastin, the block walls were seismically designed (steel wire mesh 
on both faces).  

• Following the guidance of NUREG-1407, a peer review team was assembled.  The peer 
review team examined a sample of systems and equipment during the plant walkdown 
focusing on the important systems and components (e.g., diesel generator system and 
electrical systems) and outliers identified by the SRT (e.g., relay panels, batteries and diesel 
oil storage tank).  The role of the peer review team was to provide an independent assessment 
of the seismic capability of the sample of systems and components reviewed, endorse the 
findings of the SRT and to offer advice to the SRT on certain structural integrity and system 
interaction issues.  Screening of components and identification of realistic system interactions 
and vulnerabilities required exercising considerable judgment on the part of the SRT.  The 
peer review has aided in and confirmed that judgment. 
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3. Seismic Assessment of Fessenheim and Bugey 

The seismic assessment of Fessenheim has been completed early this year; the study on Bugey is 
currently in progress.  The seismic assessment of Fessenheim was performed in three phases extending 
over 18 months from June 2001 through January 2003. The first phase included training in seismic 
evaluation, the development of Safe Shutdown Equipment List (SSEL) and review and collection of 
data for the seismic inspection.  In the second phase, the items on the SSEL outside the containment 
building were examined for confirmation of the design and upgrading and to search for any seismic 
vulnerabilities that could be resolved in a later phase.  The final phase of the study consisted of 
seismic inspection of SSEL items within the containment, screening of SSEL items based the seismic 
capacity of the equipment to resist the VD2 seismic demand (developed using the SDD ground 
response spectrum anchored to 0.2g pga), identify outliers and recommend outlier resolution 
approaches. 

The seismic assessment of Fessenheim followed the Generic Implementation Procedure (SQUG, 
1993).  The GIP has been developed for seismic evaluation of older nuclear power plants in the United 
States using the Earthquake Experience Data, Generic Qualification Test Data and the experience and 
insights gained in the seismic margin and probabilistic safety assessment of nuclear power plants    

The number of SSEL items for the Fessenheim seismic inspection was larger than the items required 
per the GIP since the objective has been to cover all potential systems, structures and components that 
are needed to successfully bring the plant to safe shutdown following the design basis earthquake 
(SDD); further, it included items needed to maintain containment functions as well as to prevent core 
damage through seismic induced fire and flooding events.  The SSEL selected for this inspection 
covered the items from two essentially independent success paths as required by the Electric Power 
Research Institute (EPRI) Seismic Margins Assessment Methodology (EPRI, 1991). 

The seismic inspection focused on whether the equipment met the SQUG Bounding Spectrum caveats, 
the anchorage was adequate, the seismic capacity was larger than the seismic demand and the 
equipment was free of any seismic system interactions.  The items on the SSEL that satisfied the 
above criteria were screened out.  The remaining items were deemed “outliers” to be resolved at a later 
stage. 
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Abstract. The Institute for Radioprotection and Nuclear Safety (IRSN) has the task of evaluating the seismic 
safety of existing building inventory in French nuclear facilities. Some of the existing structures are reinforced 
concrete frame buildings with masonry or reinforced concrete in-fill walls built during the 1960s, 70s and 80s 
following different building codes and seismic input data applicable at the time of construction. The studied 
building is a laboratory that was built in 1962. The building is composed of three different and independent 
blocks. The structure is a reinforced concrete frame with masonry in-fills and few stiff concrete elements. 
Moreover, the building contains an independent massive concrete cell. Structurally, the building has a number of 
irregularities. From the detailing standpoint, well-known deficiencies of low-ductile reinforced concrete 
structures are evident especially, a lack of transverse reinforcement in the structural joints of the frame. A 
number of sensitivity studies were conducted using 2D and 3D linear models to evaluate seismic demand. 
Ambient vibration and regional earthquake records were used to check the soil nature and the existence or not of 
a possible site effect around the installation as well as to characterize the dynamic behavior of the building. 3D 
models revealed a strong influence of the slab plates and a torsion in the structure. Also, masonry in-fills can 
significantly alter the seismic behavior of the building. The building is being subjected to a very large retrofit 
program submitted for approval to IRSN and the Nuclear Safety Authority. The acceptance criteria used to 
define deficiencies and to retrofit the building were design criteria. 
 
1. Introduction 
 
The Institute for Radioprotection and Nuclear Safety (IRSN) is a technical advisor of the French 
Nuclear Safety Authority (ASN) and its task is to assess the safety of French nuclear facilities. A part 
of this task is the assessment of the seismic safety of existing building inventory. 
 
Some of the existing structures are reinforced concrete frame buildings with masonry or reinforced 
concrete in-fill walls built during the 1960s, 70s and 80s following different building codes and 
seismic input data applicable at the time of construction. Therefore, the existing structures offer 
varying degrees of structural behavior and functional performance in the event of an earthquake.  
 
2. Design and reinforcement detailing 
 
The studied building is a laboratory that was built in 1962 located in the nuclear center of Cadarache. 
The structure is a reinforced concrete frame with masonry in-fills. Its length, width and height are: 
79.0 m, 36.5 m and 17.5 m. Its mass is about 7 600 t. The building is composed of three different and 
independent blocks (Figures 1 to 3). The structure contains three stiff elements: two concrete 
staircases and one reinforced concrete chimney.  
 
Moreover, the building contains an independent massive concrete cell. There is no gap between the 
frame and the cell.  
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Structurally, the building has a number of 
irregularities: a) the cell inside the frame and a 
pounding between two structures is a typical 
structure-in-structure irregularity, b) the cell does not 
extend along the entire length of the building, leaving 
the ends of the building unrestrained in respect to the 
restrained central block, c) the frames have 
substantial vertical irregularity; d) the horizontal 
distribution of the mass and stiffness produces torsion 
eccentricity, e) the existence of stiff concrete 
elements without reinforcement can strongly modify 
seismic behavior of the building, f) the masonry in-
fills can significantly alter its seismic behavior. 
From the detailing standpoint, well known 
deficiencies of low-ductile reinforced concrete 
structures are evident, especially, a lack of transverse 
reinforcement in the structural joints of the frame, 
small shear capacity provided by smooth transverse 
reinforcement. Concerning the longitudinal 
reinforcement of the columns, it is not in accordance 
with seismic demand: the columns are generally 
under-reinforced and in some parts over reinforced.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

3. Safety requirements assigned to the building 
 
The studied building is a nuclear laboratory. It is dedicated to the experiments on irradiated materials 
and nuclear fuels. These experiments are handled in the massive concrete cells in the building. The 
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safety requirements assigned to the building are: a) stability of the cells which are main containment, 
b) stability of the building and c) non-aggression of the cells by the fall of the structural or non-
structural elements of the building. 
 
4. Main directions to improve safety 
 
The licensee proposed three main directions to improve the safety of the laboratory: a) a seismic 
assessment and a large retrofit program of the building, b) a progressive transfer of contaminating and 
high mass nuclear material activities to another facility, c) a limitation of residual plant-life. 
 
5. Seismic assessment procedure (IRSN’s position) 
 

5.1. Seismic input data 
 
The seismic motions are defined by 
application of the French Basic Safety Rule 
RFS 2001-01. The approach of the Basic 
Safety Rule is a deterministic one. The bases 
are seismic-type accidents and tectonic areas 
on one hand and historical seismic data (the 
last 1000 years) on the other. The goal of this 
approach is to define a site-specific spectrum, 
with a mean attenuation law, of a Maximal 
Historical Earthquake (in French SMHV). 
The next step is a deduction of Safe 
Shutdown Earthquake (in French SMS), 
which is used for the design and the 
assessment of nuclear facilities. In terms of 
MSK intensity units, the SMS is defined as 
follows: ISMS = ISMHV + 1. 

 
 
5.2. Methods of analysis and acceptance criteria 
 
The current position of IRSN is that the methods of analysis and the acceptance criteria for the seismic 
assessment of an existing nuclear facility, are the same as for the seismic design: a) the structural 
analysis to define seismic demand is an elastic linear analysis. b) as already mentioned above, a Safe 
Shutdown Earthquake (SMS) defines the earthquake spectra for the assessment of an existing nuclear 
facility. c) the acceptance criteria associated with these spectra are design criteria. Consequently, when 
a structure doesn’t meet the criteria of the seismic assessment, compensatory measures such as retrofit 
measures are required.  
 
However, when the residual plant-life is limited, and it is the case in this study, the seismic assessment 
of the building can be based upon the Maximal Historical Earthquake (SMHV) spectra.  
 
5.3. Sensitivity studies 
 
IRSN has conducted a number of sensitivity studies using 2D and 3D linear models (reference 2). The 
position of IRSN is that 2D models can’t capture the seismic demand of the structure mainly because 
of: a) discontinuous cast in place slabs at levels +3.33 and +4.22 (Figures 2 and 3). Connected with a 
1.5 m beam, they act as a 0,92 m high storey, which significantly rigidify the structure. Moreover it 
doesn’t rigidify all frames in the same way.  b) The horizontal distribution of mass and stiffness is 
such that it produces torsion eccentricity. c) The singularities, such as the staircases and the chimney, 
cannot be properly taken into account with 2D models. d) The interaction between the frames and the 

Figure 4 
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cell can be examined with 2D models just for the frames in the middle of the building, the seismic 
demand in the partially unrestrained blocks 1 and 3 is difficult to assess even with 3D models e) The 
strong contribution of the masonry in-fills, especially in the external walls, was detected using an 
ambient vibration test (reference1).  
 
The studied building is a complex structure. The studies undertaken by IRSN showed a very strong 
sensitivity of this RC frame building with the masonry elements. The frequencies varied between 0.6 
Hz  (2D model of current transverse frame) and 4 Hz (3D model with masonry in-fills). Sensitivity 
studies, according to the model assumptions as above, have to be undertaken to assess the behavior of 
the building during an earthquake and to find the most critical configuration for each key element of 
the structure.  
 
5.4. Ambient vibrations test and regional earthquake recordings 
 
As mentioned above, IRSN has conducted ambient vibrations test (reference 1) to characterize the 
behavior of the building under low deformation level. The influence of masonry in-fills and the 
modification of structural response (shift in frequency, torsion..) in function of their level of damage 
must be taken into account in the evaluation of an existing building. Considering the sensitivity of the 
structure and the spectral shape in the frequency range between 1 and 4 Hz, IRSN wanted to check the 
possibility or not of a local amplification of the seismic motion at this site. An M = 4.6 earthquake 
occurred at 150 kilometers SE of the studied building. The record of the earthquake on the stations 
installed for the experiment around the building allowed the computation of the spectral ratios 
site/reference(rock). These results show, with real seismic motions, that the soil around the studied 
building can be considered as free of site effect. 
 
6. Retrofit measures proposed by the licensee 
 
The final 3D linear analysis conducted by the licensee revealed a number of deficiencies of the 
building under seismic loading. The licensee proposed a large retrofit program of the building with 
two main directions: 1) to simplify the structure and to make more predictable its global behavior 2) to 
retrofit its key elements and to reduce the seismic demand with a reduction of its dead weight. The 
first direction concerns a) the opening of the joints between the frame and the cell enough to avoid 
their interaction, b) the separation between the slabs and the stiff concrete elements such as the 
staircases and chimney c) the separation between the masonry in-fills and the frame structure in the 
external walls, d) the connection of the blocks at the slabs level. The second direction concerns the 
retrofit of a) the non-ductile knee joints, c) shear and moment resisting jacketing of very low 
reinforced external frames row 4 and 22 d) shear resisting jacketing of intermediate frames e) the 
basement walls f) the anchorage of the basement gallery to avoid the horizontal displacements of the 
structure under level +0.00, and g) reduction of the dead weight of the roofs. 
 
7. Conclusion 
 
Taking into account the limitation of residual plant-life, the seismic assessment of the building can be 
based upon the Maximal Historical Earthquake (SMHV) spectra. The analysis methods and the 
acceptance criteria used for the assessment and for the retrofit are design methods and criteria. The 
goal is to obtain a certain guarantee that safety requirements will be fulfilled for the seismic motions 
just above the SMHV. The analysis led by the licensee is in accordance with IRSN’s sensitivity 
studies. The retrofit measures, proposed by the licensee, significantly improve the seismic behavior of 
the structure. 
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Abstract. Evaluation of existing nuclear facility structures must be conducted with the approriate level of 
consevativism. Therefore, even though modern performance-based evaluation procedures for conventional 
structures are available, they must be rigorously examined before they are used to evaluate nuclear facility 
structures. This paper presents selected results of an evaluation of various nonlinear static and dynamic demand 
analysis and FEMA-356 capacity measures on a test-bed nuclear facilty reinforced concrete frame structure built 
in 1960’s. It is shown that these modern procedures can be used. Furthermore, they revealed deficiencies of the 
test-bed structure that could not be easily found using the conventional linear-and-elastic evaluation methods. 
Nevertheless, more work is needed to calibrate these new procedures for the risk reduction levels required for 
nuclear facilities before they can be used in nuclear facility design and evaluation practice.  

1. Introduction 

Seismic design and evaluation of structures in nuclear facilities is characterized by high degree of 
conservativisim. Such approach is understandable: the consequences of failure of a nuclear facility 
structure may be quite serious. In most cases, probabilitistic evaluation of seismic hazard is followed 
by a deterministic evalution of structural demand and capacity assuming the structure will respond 
within its elastic range. Recent developments in performance-based seismic design and evaluation of 
conventional structures may be very useful in providing the methodology and the data to quantify the 
level of safety, or risk reduction, associated with a nuclear facility design or evaluation. In particular, 
probabilistic performance-based seimic design approach developed by the PEER Center [1] offers the 
broad methodological background for developing tools to measure the level of safety of any structure, 
including nuclear facility structures. However, such tools must be practical: probabilistic evaluations 
of seismic risk, structural demand and structural capacity must be simplified into a deterministic 
format suitable for use by regular engineers in everyday practice. The basis for such performance-
based design and evaluation formats have been proposed in [2], and implemented, with varying levels 
of consistency, in prestandard documents such as FEMA-356 [3] prestandards for seismic 
rehabilitation of buildings and FEMA 350 [4] prestandards for seismic design of new buildings. 

It is not possible to directly adopt the seismic design and evaluation criteria for conventional structures 
before their application on nuclear facility structures is thoroughly investigated. One of the first steps 
in this direction has been taken by Wong and coworkers at Brookheaven National Laboratory [5]. 
They investigated the application of nonlinear static demand evaluation procedures to two nuclear 
facility structures. This paper presents the results of a research project undertaken by IRSN and UC 
Berkeley to review the current performance-based evaluation procedures used in the US and apply 
them to an existing test-bed nuclear facility structure. The work presented herein addresses the static 
and dynamic evaluation of the test-bed structure using non-linear procedures prescribed in FEMA-
356. It extends the work done to date in the direction of using modern static and dynamic evaluation 
techniques, such as the incremental dynamic pushover [6], to evaluate nuclear facilty structures. More 
information is available in the comprehensive project report [7]. 
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2. Test-Bed Structure 

The test-bed building, shown in Figure 1 is a 1960’s vintage reinforced concrete moment-frame 
structure with masonry infills. This structure has a number of irregularities compared to regular 
conventional structures considered in FEMA-356. Some of them are: 1) the stiff and strong interior 
cell is separated from the frame by 2 cm gaps; 2) transverse frames are vertically irregular; 3) 
horizontal diaphragms at 3.33m and 4.22m levels are not continous; and 4) distribution of diaphragm 
masses and location of the cell results in torsional irregularity. Detailing of the structural elements, 
typical of the 1960’s practice, is another challenge. It is well known that such detailing, characterized 
by markedly less transverse reinforcement than required today, may result in the response of structural 
elements that is not as ductile as expected from new structures designed today.  
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Figure 1.  Typical elevation of the test-bed building and the site-specific acceleration spectra used in 
the evaluation (mean and plus-minus one standard deviation).  

The seismic environment of the test-bed building site is typical for low-to-moderate seismically active 
regions in Europe. An acceleration spectrum used in this evaluation is shown in Figure 1. It is 
interesting to note that ground motions that the 1994 Northridge ground motion recorded at Arleta fits 
this spectrum fairly well when scaled to match it at the fundamental period of the structure. 

3.  Modeling and Evaluation 

The test-bed structure was modeled using OpenSees, a software framework under development by 
PEER (http://opensees.berkeley.edu). OpenSees is intended for performance-based seismic evaluation 
and supports linear and nonlinear, static and dynamic analysis procedures. Beam and column elements 
of the structure were modeleled using a fiber cross-section flexibility-based beam-column element. 
The fiber cross sections allowed for accurate modeling of the flexural strength. The shear strenght was 
modeled using FEMA-356 equation that account for shear strength degrataion at elevated 
displacemetn ductility levels. Horizontal restraint provided by the floor and roof slabs was modeled 
using displacement slaving. Vertical strength and stiffness of the masonry walls was modeled using 
linear spring elements attached to the appropriate beam nodes. Finally, the knee joint connections at 
the high-bay roof were modeled using non-linear rotational springs. The force-deformation envelope 
for the knee joint was a FEMA-356 Type 2 envelope, with the strength computed counting only the 

concrete contribution taken at 0.33 '
cf MPa, according to FEMA-356. A number of two- and three-

dimensional models of the structure were made to investigate the effect of the stated irregularities. In 
particular, 2, the transverse frame model was used to evaluate the effect of the cell on the response, 
while a three-dimensioanl model was used to evaluate the effect of longitudinal motion and torsion. 
The fundamental modes of the models had periods of approximately 1 second (Figure 2). 
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2

Figure 2. Fundamental modes of the two- and three-dimenasional models of the test-bed structure. 

3.1. Static Analysis 

Non-linear static pushover analyses were conducted using the two-dimensional model. Different 
lateral force distribution patterns as well as different models of the gap between the cell and the frame, 
the masonry infill, and the knee joint were investigated. Response of progressively more complex 
models was converging. More important, when capacities of the critical components of the transverse 
frame (shear in knee joint and shear in the high-bay column) are ploted on a pushover curve, it was 
revealed that the frame has a relatively small capacity compared to the approximately 0.2 base shear 
coefficient demand computed according to FEMA-356 (Figure 3). A similar result is obtained by 
Incremental Dynamic Analysis (IDA) procedure [8]. In this procedure, non-linear time-hisotry 
dynamic analyses are conducted repeatedly while steadily increasing the magnitude of the chosen 
ground motion. The resulting force-deformation response represents the peak points achieved during 
each analysis combined into one curve. In the IDA example shown in Figure 3, the knee joint clearly 
limits the capacity of the frame.  
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Figure 3. Static and dynamic (IDA) pushover responses. 

3.2. Dynamic Analysis 

Non-linear time-history dynamic analyses were conducted using both two- and three-dimensional 
models and several US and European ground motions. A typical cyclic response of the knee joint 
(Figure 4) shows that significant deterioration of its strength may be expected: this confirms the 
findings of the static analyses. However, a three-dimensional analysis revealed additional properties of 
the test-bed structure. The response of three transverse frames located at each end (frames 4 and 18) 
middle of the cell (frame 11) shows the effect of torsion of the structure as well as the effect of gap 
closure and pounding between the frames and the structure (Figure 4). Even though the response of the 
outer frames is amplified by approximately 20%, the amplification is limited by the size of the gap 
between the frames and the cell. Nevertheless, the high-frequency response induced by the pounding is 
not desirable. Furhtermore, the response of the structure in the longitudinal direction reveals the 

SLABSMASONRYJOINT.tcl 
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weakness of frame columns in this direction due to their elongated rectangular cross-section. The 
three-dimenasional analysis demonstrates a marked potential for soft-story formation between the 
ground level and the horizontal slab system at elevations 3.33m and 4.22m. 
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Figure 4. Sample results of dynamic analyses. 

4. Conclusion 

Application of the FEMA-356 procedures for evaluation of conventional buildings to evaluate a test-
bed nuclear facility structure was successful. The principal finding is that there is a clear need to 
modify such performance-based seismic evaluation procedures to yield the required risk reduction 
levels for nuclear facilities before their application in nuclear facility design and evaluation practice.  
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Abstract. The concern for safety level of existing nuclear facilities in the Eastern Europe and the United States 
came into sharp focus about a decade ago. One of the major reasons for this concern was the recognition that 
some site-related external events were not properly considered in the original facility design. Inadequacy of 
geological, geo-technical and seismological data affected the reliability of seismic hazard evaluation in many 
cases. In this backdrop, the research projects sponsored by the International Atomic Energy Agency (IAEA) in 
some East European countries and by the United States Nuclear Regulatory Council (USNRC) in the United 
States have led to the development of significantly more reliable and cost-effective seismic hazard assessment 
methods which can be fruitfully applied in many other countries as well. The main focus of this re-evaluation is 
the use of actual strong motion earthquake response data for structures, mechanical and electrical systems and 
components of a nuclear facility concerned. These data are supplemented by the shaking table test results. This 
paper presents the seismic hazard re-evaluation of the two existing nuclear facilities and the site for a proposed 
nuclear power plant based on the US and East-European experience. The re-evaluation results show higher 
values of both the Operating Basis Earthquake (OBE) and the Safe Shutdown Earthquake (SSE) levels than 
those determined by the previous conventional methods. 

 
1. Introduction 
 

Existing nuclear facilities all over the world are being subjected to severe scrutiny of their safety in the 
event of an earthquake. Facilities such as nuclear power plants, research reactors, radioactive waste 
processing and storage buildings and fuel reprocessing plants etc., constructed and operated during the 
past few decades are undergoing varying levels of seismic analysis, design, qualification and operating 
procedures. These variations are due to many reasons, principal among them being significant changes 
in the state-of-the-art, -science and -engineering of earthquakes and their effects on natural 
surroundings and man-made facilities. The issue of seismic re-evaluation has been a matter of major 
concern in several East-European countries and in the North America. Seismic hazard prediction is the 
single most influential factor in motivating the analysis of seismic performance of nuclear facilities. It 
is likewise, the single most important factor in determining the seismic design of a particular facility. 
Global experience shows that inadequacy of geological, geo-technical and seismological database has 
badly affected the reliability of seismic hazard assessment and consequently anti-seismic design of a 
facility concerned. Some major sources of uncertainly such as the definition of design basis 
earthquake, the effects of local soil conditions (soil amplification and soil structure interaction) and the 
dynamic structural analysis remain to be addressed properly. In this context some R&D works 
sponsored by the IAEA in the Eastern Europe and by the USNRC in the United States deserve special 
mention [4, 5, 6]. As a result of these research works, some highly improved and cost effective seismic 
hazard assessment methods have emerged which can be applied in other countries as well. The main 
focus of the new methods is the use of actual strong motion earthquake response data for structures, 
mechanical and electrical systems and components of a nuclear facility concerned and the coupling of 
these data with the shacking table test results.  
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The present paper depicts the results of re-evaluation of seismic hazard evaluation of two existing 
nuclear facilities and a proposed power reactor site in Bangladesh based on the methods applied in the 
Eastern Europe and the United States (Figures 1 and 2 illustrate the methods).  
 
2. Seismic observational facilities and the status of seismic hazard assessment in 
Bangladesh 
 

Geologically, Bangladesh belongs to the Bengal Basin, which is one of the most active seismic belts in 
the world. The country is lying at the confluence of three tectonic plates namely the Indian, Eurasian 
and Burmese plates.  The seismic risk is quite significant but not as high as what is prevailing in the 
neighboring countries. The Meteorological Department established an observatory in Chittagong in 
1954 with facilities for seismic and geomagnetic observations. This remains the only observatory in 
the country till today. Detailed evaluation of seismicity of the country calls for monitoring of all 
earthquakes of magnitude 4 and above occurring in and around Bangladesh. For this purpose, a dense 
network of observatories is desirable. However, India is maintaining a network of seismic stations 
along the India-Bangladesh border and it is providing earthquake data recorded by these stations to 
Bangladesh. Moreover, the Geological Survey of Bangladesh is getting earthquake data from the US 
Geological Survey on a regular basis. Bangladesh has a plan to set up four more seismic stations in the 
country very soon including one under the supervision of International Monitoring System of the 
Comprehensive-Nuclear-Test-Ban-Treaty-Organization (CTBTO). Investigations related to seismicity 
and tectonics in the country have been going on since 1935. Considering the regional geo-tectonic 
setting, past seismic record in the region concerned and morpho-tectonic continuity with the adjacent 
Indian territories, Bangladesh has been divided into three iso-seismic zones and five seismotectonic 
zones [1, 2, 3] and major and minor seismogenic sources of each zone have been identified. Maximum 
possible earthquake in respect of each significant seismogenic source has been determined and the 
source-to-site seismic wave attenuation characteristics have been ascertained using appropriate 
formulae [1,2,3,]. The process of investigation is continuing.   
 
3. Seismic hazard analysis of nuclear facilities 
 

In this paper, seismic hazard evaluation of two existing nuclear facilities in Bangladesh (a 3 MW 
TRIGA Research Reactor constructed in 1982 and Central Radioactive Waste Processing & Storage 
Facility constructed in 2002 in the campus of Atomic Energy Research Establishment, Savar, Dhaka) 
and the proposed site for the country’s first nuclear power plant at Rooppur, Pabna have been carried 
out and comparisons with recent global re-evaluation particularly in Eastern Europe and the USA 
[4,5,6] have been made. Seismic hazard evaluation for the nuclear power plant site is based on 
regional geological, seismological and geotectonic study and local           sub-surface geology (as per 
procedures described in ref. 7) and for the other two facilities it is based on somewhat less stringent 
procedures as described in the IAEA tech-doc no. 348  (1985). Earthquake data base of past 250 years 
(1750-2000), probable maximum earthquake magnitude, magnitude-frequency analysis in respect of 
each Seismo-tectonic zone, potential effects of near field capable faults, possibilities of liquefaction, 
surface faulting and ground deformation etc. have been given due emphasis in the present analysis.  
Operating Basis, Earthquake (OBE) or SL-1 and   Safe-Shutdown Earthquake (SSE) or SL-2 levels 
now correspond to one-in-hundred years and one-in-ten thousand years earthquake levels respectively 
whereas in earlier seismic hazard analysis the emphasis was much more on recent earthquake data. 
Effects of near-field earthquakes and local soil conditions were not duly considered. As a 
consequence, lower design basis earthquake values have resulted thereby substantially underestimating 
the potential seismic hazard as depicted in Figure 3. In the construction of research reactor, much more 
conservative designing or over designing was resorted to disregarding the seismic hazard estimate 
(design basis earthquake was reported to be 0.1g which seemed to be a gross underestimation and as 
such, was not considered). Recent analysis using the design inputs of this reactor building and a 
software programme STAAD Pro developed by the Research Engineers International Ltd., USA 
clearly show that it can withstand a maximums earthquake load exceeding 0.20g (expressed as peak 
ground acceleration) which supports the findings of present analysis. The CWPSF has been designed 
and constructed according to the current standards and as such will provide the expected anti-seismic 
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performance. In case of the power plant site, the earlier seismic analyses should be disregarded and 
entirely new approach must be made using modern seismic hazard estimation methods.  
 
4. Conclusions 
 

Seismic re-evaluation shows satisfactory design inputs in case of two existing nuclear facilities in 
Bangladesh while the earlier assessments with respect to the proposed power plant site can be 
thoroughly revised up to the current standards by using latest seismic hazard evaluation methods 
which put more emphasis on safety as per the current stringent requirements.  
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Abstract. The status of seismic re-evaluation and upgrade program is currently under implementation at the Armenian 
NPP, Unit-2 presents in this paper. Primary objectives are the re-evaluation of the seismic hazard at the site, and based on 
that, the potential upgrading of the plant to meet seismic safety margins that comply with internationally accepted criteria 
and practices. Concurrent with the seismic re-evaluation activities at ANPP is the overview role of the Armenian 
Regulatory Agency (ANRA). To assess and evaluate the ongoing engineering procedures at the plant, ANRA is 
performing independent seismic analyses based on the latest data on site hazard, underlying soil conditions and structural 
design information.  The primary goal of the independent evaluation is the generation of the seismic floor response 
spectra (FRS) of the main structures based on which the seismic safety margin of critical reactor systems will be 
assessed. These systems have been identified as safe shutdown equipment through a series of “seismic walk-downs” 
performed at the plant.  
 
1. Introduction 
After the Spitak earthquake of 1988 in Armenia both WWER 440-270 type units at the Armenian NPP were 
shut down while the newest unit went back into operation in 1995. Unit-2 restarted after a number of IAEA-
led safety review missions and series of recommendations for plant upgrade. These recommendations 
addressed the seismic vulnerability of the plant prompted by a number of uncertainties such as the true 
seismic hazard at the site, the quality and geological stability of the subsurface and the structural adequacy of 
structures, systems and components at the plant. During that shutdown period at ANPP, extensive structural 
strengthening of Unit-2 was implemented.  As a result, the recommendations and the way forward were 
formally presented in “IAEA Technical Guidelines Programme for the Seismic Re-evaluation of the ANPP” 
[1]. A key element in the re-evaluation/upgrade process was the establishment of the Safe Shutdown 
Equipment List (SSEL) which, when identified, will be re-examined with the new seismic input and plant 
analysis for its adequate seismic capacity and expected functioning during the review-level earthquake.  Plant 
seismic walk-downs were to also take place to assess the state of both the SSEL and other key systems. 

The Armenian Nuclear Regulatory Authority (ANRA) plays a role in the ANPP upgrade program by 
independently evaluating and verifying key aspects of the seismic upgrade effort. These include the 
verification of the procedures and evaluation of floor response spectra (FRS) at the superstructures of the 
NPP, the independent validation of the geo-technical data at the NPP site and their influence on the interaction 
of structures and soil during an earthquake, the acceptance of procedures and criteria for the probabilistic 
seismic hazard analysis for the site, and finally, the overseeing of the plant seismic walk-downs. Along these 
lines the Nuclear and Radiation Safety Center of ANRA has performed a host of independent studies. 
Specifically, by incorporating the latest data on (a) soil condition and layering beneath the plant, (b) 
particularities of the reactor foundation design and its interface with the surrounding soil, and (d) structural 
details of the reactor and generator buildings, a comprehensive effort has been undertaken to independently 
establish floor response spectra that, in turn, better reflect the seismic reality at the plant. As mentioned 
previously, the seismic capacity, and need for upgrade, of the structures and the systems that ensure the safe 
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shutdown of the plant during a seismic event (Review Level Earthquake) will be re-assessed based on the 
levels of acceleration defined by the generated FRS. 

To accomplish the task of generating floor response spectra for the key structures at ANPP detailed analyses 
focusing on (a) the site response using the capabilities of the SHAKE program, (b) the Soil-Structure-
Interaction (SSI) aspect of the problem utilizing the SASSI code, and (c) the dynamic response of the reactor 
building through the use of the STARDYNE and SASSI codes were performed. The combined output of the 
various aspects of the analysis lead to a set of floor spectra at key locations on the structure so that the existing 
capacity of safety systems can be assessed as well as the need for upgrade to meet their revised seismic 
margins. This paper presents the results of this independent study while it also attempts to make engineering 
comparisons with other on-going studies performed on behalf of the nuclear power utility in its effort to 
seismically upgrade the plant. 
 
2. ANPP seismic analysis 
To address all the seismic concerns associated with the Armenian NPP, a comprehensive seismic analysis has 
been initiated by ANRA. The ongoing effort is proceeding by attending to the following: 

 Geotechnical study and sensitivity of ground response; 
 Seismic input and control motion definition; 
 Assessment of ANPP site specific geological condition and influence on floor response spectra; 
 Improved finite element analysis/structural models of the Main and Diesel Generator buildings; 
 Evaluation of Main and Diesel Generator building FRS by considering soil-structure interaction 

effects 
 Assessment of overall results, conclusions and recommendations; 

The soil stratigraphy beneath the two reactor units of ANPP consists of layered soil and rock medium. One of 
the issues being addressed in this paper is the particular nature of the subsurface where weak soils with very 
low shear wave velocities appear within the basalt layers. During construction the questionable soil beneath 
the two reactor shafts was removed and replaced by concrete down to the top of the stiff rock representing the 
bedrock at the site. 
 
2.1. Seismic Hazard – Review Level Earthquake 
 
The “Technical Guidelines for the Seismic Re-evaluation Programme of the Armenian Nuclear Power Plant – 
Unit 2” [1] concluded that attempts to calculate dynamic floor-response spectra for ANPP Unit 2 were 
inadequate and that the re-evaluation process should be based on the US NUREG/CR-0098 rock spectrum for 
0.35g PGA corresponding to the 50th percentile (for 5% damping). The reference spectrum and site response 
spectrums defined in 1979 by processing 50 historical seismic events data, normalized Spitak Earthquake 
recorded at ANPP acceleration TH response spectrum as well as generated local earthquake spectrums are 
shown in Figure 1.  
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Figure 1: NUREG-0098 and site specific spectrums 

 
2.2. Control Motion Definition and Site Response Analysis 
 
The definition of soil properties in the layers beneath the ANPP is based on the ANPP report [8], which 
summarizes the available geotechnical data collected between 1970 and 1995.  The near surface geologic 
profile at ANPP Unit 2 main building (for a depth up to 76m) consists of an upper (surface) layer, 
intermediate weak layers, weathered, and solid basalts (Figure 2). Geo-technical properties of the soil layers 
are depicted in Table 1. Damping factors for S and P waves are borrowed from similar soils at other sites due 
to lack of actual site-specific data.  
 

 
Figure 2: Soil Profile at ANPP Site 
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Table-1. Properties of soil layers 

 
To account for uncertainties associated with the properties of the soil layers, analyses using lower and upper 
bound property values were performed. The generalized values shown in Table-1 are considered as best 
estimates. All values are related to the initial stiffness.  The property values are calculated based on the 

following formulae:  G = r(Vs)2; M= r Vp
2; n = (M-2G)/2(M-G); where G, r, Vs, Vp , n, M are the shear 

modulus, soil density, shear wave velocity, P-wave velocity, Poisson’s ratio and elastic volume modulus 
respectively.  The calculation results are shown in Table 2. These properties are expected to vary upon the 
onset of the postulated earthquake. It should be noted that in subsequent analyses (control motion effects or 
introduction of structure embedment  = -3.35m), the surface layer consisting of weathered soil is ignored.  

Table2. Values of S and P waves velocities at upper and lower bounds 

Vp м/с Vs, м/с 

 
Lower bound Upper 

bound Lower bound Upper bound 

1 490 735 286 429 
2 2205 3307 1470 2205 
3 2450 3674 1551 2327 
4 735 1102 286 429 
5 2450 3674 1551 2327 
6 3266 4900 2041 3062 

Based on recent results of miscro-seismic motions and explosion tests recorded at the site, the dominant 
frequencies of the ANPP site were observed in the range of 4-8 Hz. Frequencies between 4-4.5 Hz and which 
appear to be related to micro-seismic activity coincide with the response spectrum dominant frequency of the 
Spitak earthquake while in the range of 6-8 hertz with that of test explosions. It has been observed that the soil 
dominant frequencies at maximum amplitudes of explosion tests exceeds the miscro-seismic frequencies by a 
factor of two (2), which can be explained by loss of soil linear behavior during strong motions.  In order to 
assess the geologic profile properties and their dynamic degradation, various response analyses were 
performed using the best estimate values (using the «SHAKE» code and the El Centro earthquake with 
parameters amax=0,34g and Tmax=20s). To assess the dominant periods of the fundamental mode of 
vibration of the underlying soil, an analytic approach has also been employed.  The relationship below was 
applied where index к indicates the corresponding parameters of kth-layer. 
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The dominant frequencies values for the best estimate, lower and upper bounds of the soil properties are 
shown in Table 3. The employed formula is based on the energy principle which leads to slightly higher 
values, while the lower bound dominant frequency values may be used for estimation purposes (Т1=0,22 sec, 

N  Name  Thickness, 
м 

 Weight, 

кН/м
3
 

 Vs,  
м/с 

Vp, 
м/с 

 hs, 
 % 

 hp, 
 % 

1  Weak ground  3.35 17.7 350 600 0.1 0.1 
2  Weathered basalts 2 23.6 1800 2700 0.07 0.07 
3  Basalts 7 24.3 1900 3000 0.05 0.05 
4  Intermediate weak layers 8 17.7 350 900 0.1 0.1 
5 Basalt 56 24.3 1900 3000 0.03 0.03 
6  Bed rock  25 2500 4000 0.01 0.01 
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f1 = 4,5 hertz). It should be noted that the above mentioned frequency values are consistent with the dominant 
frequency of the Spitak earthquake registered at the ANPP. 

Table 3. Fundamental periods and soil column frequencies 

 
Layer number Hk 

ì 
ρ= γ/g 

kNsec/m3 
G=�Vs

2 

Kn/m3 
T01 
sec 

Frequency 
Гц 

1 5 2.405708 7794495.4 
2 4 2.477064 8942201.8 
3 8 1.804281 221024.46 
4 50 2.477064 8942201.8 

Best estimate 

Σ 67 2.54842 15927625 

0.1813024 

 
 

5.515647 
 
 

1 5 2.405708 5196330.3 
2 4 2.477064 5961467.9 
3 8 1.804281 147349.64 
4 50 2.477064 5961467.9 

Lower bound 
 

Σ 67 2.54842 10618417 

0.2220492 
 

4.503507 
 

1 5 2.405708 11691743 
2 4 2.477064 13413303 
3 8 1.804281 331536.7 
4 50 2.477064 13413303 

Upper  
bund 

 
Σ 67 2.54842 23891437 

0.1480328 
 

6.75526 
 

 

2.2.1. Far Field Earthquake Motion 
The recommended US NUREG/CR-0098 rock (50th percentile) for the ANPP site represents the far-field 
earthquake motion. Acceleration time histories were generated on the basis of this RLE spectrum by utilizing 
the procedures of the  «Dynre 7» module. The following parameters were used in the time history generation: 
M = 6.5–7.0, Тmax=18 sec, damping = 0.05, and ∆t = 0.01s. Comparisons of the response spectra of the 
generated 3-component acceleration TH with the target spectra are shown in Figure 3 along with the generated 
THs. The convergence of the spectra meets ASCE-4 requirements.  
 
2.2.2. Near Field Earthquake (NFE) Motion 
Recommendations are made in the IAEA Technical Guidelines [1] about addressing the damaging potential of 
a near field earthquake. An NFE response spectrum for the ANPP (free field and at 84% confidence level) is 
adopted that is governed by the following parameters:  M = 5.5; epicenter distance  = 2km and focal depth = 
10km. Figure 4 depicts the generated acceleration time histories and the matching of the target spectra.  
 

         
Figure 3: Generated Acceleration Time Histories and Matching Target Spectra for Far-Field Earthquake 
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Figure 4: Generated Acceleration Time Histories and Matching Target Spectra for Near-Field Earthquake 
 
2.3. SSI and FRS Analyses for the Main ANPP Building 
Utilizing the newly defined seismic input in the form of generated time histories for all three directions while 
taking into account the site response, floor response spectra are generated with the aid of detailed models of 
the structure. The SSI component of the seismic problem is also an integral part of the analysis by modeling 
the foundation soil interaction.  

To arrive at the floor response spectra two different approaches were utilized. Specifically, in one approach 
the capabilities of the STRADYNE code were utilized in order to generate a 3-D description of the structures 
and evaluate the fixed base modes (see Figure 9).  The generated model of the main ANPP building is shown 
in Figure 10 where the reactor shaft structure is fully considered. The ability to transfer modeling information 
between codes allowed for the generation of a 3-D SASSI model which in turn, along with the seismic input 
motion at the selected control location, provides the dynamic response of the structure and leads to floor 
response spectra anywhere on the structure. Since the SSI part, given the special design of the ANPP 
foundation, is expected to play a significant role, the foundation impedances where estimated using the 
capabilities of the SASSI code and accounting for both the foundation geometry and the layering of the 
soil/rock beneath.  Shown in Figure 6 are estimates of impedance functions that were incorporated into the full 
analysis. Figure 16 depicts spectra generated in the structure (including foundation) with the 3-D 
STARDYNE/SASSI analysis.  

In the second approach an idealized (stick) model was generated to represent the reactor hall and used for 
Floor Response Spectra estimation. The reactor hall of the main building with a center vent and having 
common basemat with the reactor part is considered. The design model is an arrangement of weightless sticks 
of variable stiffness and lumped masses. Masses are computed from structural elements and masses located 
above and below the nodes.  The stiffness of each area is calculated based on the sum of wall and column 
stiffness located within the area height. The shear stiffness of each wall located between the levels i and i+1 is 
defined by the formula:  

K i,i+1 = G A i,i+1/(h i,i+1sсдв) 
Xstf = Σ (Xstf,I  K yi)/ Σ K yi           Ystf = Σ (Ystf,i  K xi)/ Σ K xi 

 
Figure 5 depicts the reactor hall idealized model while Figure 6 is description of the distribution of idealized 
mass and stiffness as a function of elevation.  Figures 7 present preliminary spectra generated by the stick-
model approach. Clearly, the ultimate goal is to enable a direct comparison of the 3-D full models used for the 
structures and the idealized ones as a confirmation of the validity of both models and spectra. 
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Figure 5: ANPP Main Building Stick Model and Stiffness and Mass Distribution over height. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: ANPP Main Building Foundation Impedances Estimated from SASSI code 
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Figure 7: Generated Floor Response Spectra from the ANPP Stick Model Analysis (0.0m and 6.0m lev.) 
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 Figure 8: 3-D Model of the ANPP Main Building 
 

 
Figure 9. Main Building Vibration Modes. 
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Figure 10: Reactor Vessel Shell Model (suspended by rigid links and ring)  
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Figure 11: FRS Generated at Foundation Level – Far Field RLE Excitation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12: FRS Generated from recorded Acc. TH at Foundation Level – Spitak EQ (0.35g, 5%) Excitation  
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Comparison of FRS computed at foundation level for far field RLE excitation and recorded Spitak EQ 
acceleration TH RS shows that shape and frequency content of spectrums are quite similar despite of 
dominant frequencies are little shifted to the stiffer range. For 5% damping the spectrum peak values are 
almost the same (10-15% differences).  Such differences might be explained by superstructure and soil layers 
models.  
 
3. Seismic screening walkdownThere were stated 122 findings during seismic walkdowns (US DOE 2000 
and 2001); 

• Deficiencies in Anchorage of Heat Exchangers; 
• Fuel and Water Tanks Seismic Capacity Evaluation with sloshing effect accounting; 
• Supports of Cable Traces; 
• Supports in Piping systems etc.  

108 easy fixes were implemented (during 2001-2002 outages); 

• 3 (+1) items were replaced from the SSEL water deaerator, feedwater heater and water treatment 
system (plus remote shutdown switch control panel); The remaining 9 items cannot be corrected by 

maintenance are: 

• Pumps (seismic emergency feed water, spray, spent fuel pool cooling); 
• Exchangers (spray, fuel pool heat); 
• Tanks (De-mineralized water, DG service water and fuel); 
• Cable tray supports. 

The Generalized report related to seismic walkdown recommendation implementation submitted to ANRA in 
July 2002 with contents: 

• Limited analyses (static approach) of spray system exch., spent fuel pool heat, DG fuel tanks; 
• De-mineralized water tank V=200m3 (refers to Design Institute report on dynamic analysis, 1995); 
• Cooling water tanks V=40m3, level 21.9m (not included in frame of walkdown team 

recommendations). 
• Final version of the report will be elaborated by the analyses results.  
• Stress analyses of anchorages of Exch. and Tanks overturning capacity is acceptable and should 

checked under the finalized FRS impact; 
 

Regulatory Authority recommended to meet IAEA Standards in respect of dynamic analysis (NIAEP) of de-
mineralized water tank;4. Safe shutdown equipment list 
Safe Shutdown Procedure is completed and agreed by regulatory Authority. 
 
The of SSEL elaboration is in final stage at the Gidropress (primary circuit) and NIAEP (total). Final 
submission of SSEL is expecting at 30.05.03 (schedule). 
 
5. PSHA implementation 
The PSHA implementation, as a part ot the seismic PSA should be started after the upgrading actions would 
have been fulfilled. There are three local institutions involved within the PSHA program establishment and 
implementation (ANPP, NSSP, GEORISK). It is recommended (IAEA 27 May – 1 June 2002 mission) to 
create a document, prepared by the PSHA coordinator and ANPP with the time schedule and QAP which 
should be submitted to ANRA for approval. A key point for the finalization of this program is the size of the 
region to be investigated in order to identify seismic sources. The selection of two levels of details for the 
description of uncertainties in the form of two regions: Region I (0-150 km) and Region II (greater than 150 
km) is deemed acceptable. In Region I, a full representation of uncertainties shall be used. In Region II, it is 
acceptable to characterize the sources in terms of their most likely alternative.  
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5. Summary 
 
This paper presents the ANPP Unit-2 seismic safety re-evaluation program implementation status at present. . 
In accordance to time schedule of the program all of analysis tasks and easy upgrading should be realized 
during 2003.    
 
The analysis covered the issues of seismic input/reference level earthquake for the plant site, the geotechnical 
uncertainties and lack of data for the soils beneath the facility and the effect they may have in the site response 
definition, the particularities of the ANPP foundation design and its interaction with the surrounding rock/soil, 
and the calculation of the seismic response of the superstructures at ANPP which in turn leads to the floor 
response spectra. The latter represents the ultimate goal since based on the availability of “true” spectral 
accelerations at the different elevations where critical systems are housed and are supported these systems will 
be assessed for their seismic adequacy or the need for upgrade.  
 
The goal of ANRA as well as IAEA is to find the effective solution for above problems with respect the the 
pgrading program regulation and finalization as well as to commence the PSHA. 
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Abstract. Several algorithms, structured according to a general pattern-recognition scheme, have been 
developed for the space-time identification of strong events. Currently, three of such algorithms are applied to 
the Italian territory: two, namely CN and M8 algorithms, for intermediate-term medium-range earthquake 
prediction purposes and one for the recognition of earthquake-prone areas. These algorithms can be viewed as 
independent experts, hence they can be combined to better constrain the alerted seismogenic area. We show here 
how it is possible to integrate the intermediate-term medium-range earthquake predictions and the recognition of 
the areas where strong earthquakes are likely to occur with the procedures developed for the deterministic 
assessment of seismic hazard. This permits to associate the alarms declared by the prediction algorithms to a set 
of possible seismic ground motion scenarios. A practical advantage of the described procedure is the time 
information given by the intermediate-term medium-range earthquake prediction that can be very useful for 
preparedness and rescue actions and to define priority criteria for the more detailed studies required by seismic 
microzonation. 

1. Intermediate-term medium-range earthquake predictions 

The algorithms CN [1] and M8 [2] are structured according to a pattern recognition scheme to allow 
for a diagnosis of the periods of time (TIP: Time of Increased Probability for the occurrence of a 
strong earthquake) when a strong event is likely to occur inside a given region, based on a quantitative 
analysis of the seismic sequence. The properties of CN and M8 algorithms permit their widespread 
testing, that is ongoing on a global scale since 1983. The significance level of the results obtained in 
advance predictions has been estimated around 95% for CN [3] and above 99% for M8 [4] thus 
substantiating the predictive capability of the algorithms. 

The regionalization currently used for the application of the algorithm CN in Italy [5] has been defined 
strictly following the seismotectonic zoning and taking into account the main geodynamic features of 
the Italian area. The regionalization and the periods of alarm (TIPs) identified for each of the three 
considered regions are shown in Fig. 1. The monitoring of seismicity by CN algorithm is routinely 
performed every two months since January 1998. For M8 application to the Italian territory, a new 
spatially stabilized variant of the algorithm (M8s) is considered, where the seismicity is analysed 
within a dense set of overlapping circles covering the monitored area [6]. Three magnitude thresholds 
are used, defined by M6.5+, M6.0+ and M5.5+, where M0+ indicates the magnitude interval: M0 

≤M≤M0+0.5. Since January 2001, M8s predictions are routinely performed every six months. Updated 
predictions by CN and M8s algorithms are available at the web page: 
www.ictp.trieste.it/www_users/sand/prediction/prediction.htm. 
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FIG. 1. Regionalization used for CN application in Italy. In the diagrams of TIPs, the black boxes 
represent periods of alarm, while a triangle with a number above indicates a strong event (M≥M0), 

together with its magnitude. 

 

2. Pattern recognition of Earthquake-Prone Areas 

The algorithm for the recognition of Earthquake Prone Areas is used to identify the sites where strong 
earthquakes are likely to occur, independently from seismicity information. This method is based on 
the assumption that strong events nucleate at the nodes [7, 8] specific structures that are formed at the 
intersections of lineaments. Lineaments are identified by the Morphostructural Zonation (MZS) 
Method [9] that delineates a hierarchical block structure of the studied region, using tectonic and 
geological data, with special care to topography. 

Among the nodes delineated by MSZ the pattern recognition identifies those that are prone to strong 
earthquakes on the basis of geologic, geomorphic, and geophysical data excluding seismicity. For 
recognition purposes the nodes are defined as circles of 25 km radius, centred at the intersections of 
the lineaments. The results of the recognition, obtained for a large number of seismic regions, have 
been proved by the subsequent occurrence of strong earthquakes at several of the recognised 
earthquake prone areas (see a review in [10]). In peninsular Italy and Sicily, this study has allowed us 
to identify the sites where stronger events, with magnitude larger or equal to 6.0 or 6.5, may occur 
[11]. The results of the classification of the nodes for both magnitude thresholds (Fig. 2) are in good 
agreement with the recorded seismicity; in fact almost all (more than 90%) of the past strong 
earthquakes occurred at the recognised nodes. A similar analysis has been recently performed for the 
Alps and the Dinarides [12] leading to the identification of the nodes prone to earthquakes with M≥6.0 
or M≥6.5. 
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FIG. 2. Recognition of earthquake prone areas in peninsular Italy and Sicily. Nodes (circles) prone to 
earthquakes with M≥6.0.(a) and with M≥6.5 (b). Dots denote the epicentres of the recorded events 

with magnitude larger than 6.0 and 6.5, respectively. 

 

3. Integrated deterministic seismic hazard 

The procedure for the deterministic seismic hazard assessment is based on the possibility to compute 
realistic synthetic seismograms; the expected ground motion can be modeled at any desired point, 
starting from the available information about seismic sources and regional structural models [13]. 
Here, the set of possible seismic sources defined within the alerted area (e.g. one of the CN regions 
represented in Fig. 1) is used for the modeling of the seismic ground motion (see [14] and references 
therein). In such a way an alarm can be associated with maps describing the seismic ground motion 
(e.g. peak values of displacement, velocity and acceleration, or any other parameter of interest for 
seismic engineering) caused by the potential sources in the alerted region (Fig. 3).  

In a complementary step it is possible to define a set of scenarios, corresponding to the strong 
earthquake prone areas, defined by MSZ and pattern recognition (the nodes), contained within the 
alarmed region (Figs. 1 and 2). We supply examples of scenarios corresponding to possible events 
with M≥6.5, that turn out to be the closest to several cities in Italy (Fig. 4). Figs. 3 and 4 show the 
possible scenario of the maximum horizontal velocities of ground motion (PGV). However, each site 
is associated to synthetic seismograms of many different sources and any parameter of interest can be 
extracted from such complete time series, therefore different maps can be produced. To apply the 
innovative engineering techniques for seismic isolation, for example, it is particularly relevant to 
estimate the maximum ground displacement (PGD), which is provided in Table I. 
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FIG. 3. Scenarios associated to the CN regions shown in Fig. 1, as given by maximum horizontal 
velocities.  
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FIG. 4. Maps of horizontal velocities associated to the nodes closest to the cities of a) Assisi, b) Rome 
and c) Naples. Cities are indicated by stars  

 

Table I. Peak ground displacement (PGD), peak ground velocity (PGV) and maximum estimated 
intensity (Imax computed), calculated for each of the three cities shown in Fig. 4, using the conversion 
tables proposed by [14]. The observed intensities are the same in the ING [15] and ISG [16] data sets.  

 

 

Imax 
computed 

City PGD 
(cm) 

PGV 
(cm/s) 

ING ISG 

Imax 
observed 

Assisi 7.0 – 15.0 15.0 - 30.0 X IX VIII 

Rome 7.0 – 15.0 8.0 – 15.0 X IX VIII 

Naples 7.0 – 15.0 15.0 – 30.0 X IX VIII 
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Similar scenarios of ground motion can be obtained at any place of interest, such as the sites where 
nuclear power plants are located. We present the practical example of the power plant situated in 
Krsko (Slovenia). When a TIP is declared by CN for the Northern region (Fig. 1a and Fig. 3a) the 
expected intensity at Krsko is Imax=VIII, while taking into account also the information provided by 
the MSZ [12], i.e. considering the earthquake prone areas included in the alerted region (Fig. 5a), the 
expected intensity reaches the value Imax=IX (Fig. 5b). The intensities are estimated, based on the 
synthetic seismograms computed at Krsko, using the relations derived by [14] between the parameters 
of ground motion and the ISG observed intensities [16]. 

 

 

FIG. 5. (a) Nodes (circles) prone to earthquakes with M≥6.5 contained in the Northern region and (b) 
map of horizontal velocities associated to the node closest to Krsko nuclear power plant (star). 

 

4. Conclusions 

We provide an example showing how different methodologies can be integrated, blending together the 
available information in a set of realistic ground motion scenarios, to supply a useful tool for decision-
makers in order to increase earthquake preparedness. Deterministic hazard assessment and recognition 
of earthquake prone areas procedures are especially useful as a mean of prevention in areas that have 
not yet been struck, but are potentially prone to earthquakes. In fact, they can use wide geophysical 
and geological data sets, as well as the current knowledge of the physical process of earthquake 
generation and wave propagation in realistic anelastic media, and do not need to rely on macroseismic 
observations. The advantage of the proposed integrated deterministic hazard procedure consists in the 
time information provided by predictions, useful to increase preparedness and to indicate possible 
priorities, to be followed in planning detailed seismic risk studies, which should be performed on a 
local scale.  
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Abstract. To be prepared for the occurrence of an earthquake, NPP have to develop and implement procedures 
and actions to be performed in case of such event. Those procedures ensure that the earthquake damages, if any, 
will be correctly evaluated and that the plant will be shut down in an orderly manner, should there be any doubts 
about the operability of the safety equipment and components because damages have been observed or because 
the earthquake records have shown values beyond predefined limit levels. These procedures will also be useful 
to determine if and when the NPP can restart operations after the shut down of the plant due to an earthquake. 
This paper gives a summary of the procedures and actions to be performed before, immediately after and in long 
term, should an earthquake affect the site of the NPP. It describes also shortly the necessary equipment and 
systems used to record and evaluate the importance of the event and it gives also some information about the 
criteria that can be used for this evaluation. 
Afterwards, the paper describes the different steps that are performed to establish practically the procedures and 
implement them in a NPP, using walk downs, list of equipment and structures to identify the weakest parts of the 
structures or systems, or the equipment and components that could serve as witness to demonstrate the good 
behavior of the NPP during and after the earthquake. 

 

1. INTRODUCTION 

Nuclear power plants are large facilities that will be shaken as a whole in case of earthquake. If the 
event reaches a certain importance, it is likely that several alarms will have to be answered 
immediately and numerous items will have to be controlled and checked in order to get a correct 
picture of the physical state of the facility.  
If decision is taken to stop the plant, it is also advisable to do it in an organised manner, so that it is 
made in a safe way. If the plant has been shut-down automatically or after a decision, it is necessary to 
define and organise the checks and controls so that it can be restarted as fast as possible.  
To achieve the two objectives, it is necessary to define the priorities, how to evaluate the amplitude of 
the earthquake, what is to be looked at, how to evaluate the importance of the damages, and in order to 
do it in a fast way, how to adapt progressively the number and detailing of checks and controls to the 
severity of the observed damages. 
Operators and technicians that are in charge of the plant should receive planned instructions and be 
trained to apply them, so that they can perform this task in an organised way, without panicking,  to 
obtain a fast and correct evaluation of the state of the plant and take decisions that are levelled to the 
importance of the damages.   
In complement to instructions, instruments and alarms are necessary to warn the operators of the 
occurrence of an earthquake. Recording and computing tools will help them to compare the level of 
the earthquake with the one that was considered at design or seismic assessment stages. In some 
countries of for some facilities, a specific instrumentation will cause an automatic shut-down of the 
plant, should the earthquake accelerations override prefixed values. 

2. BASIC PRINCIPLES OF THE DECISIONS AND ACTIONS  

To follow the propositions of the IAEA Safety Standard [1] when an earthquake hits a nuclear power 
plant, several decisions and actions have to be taken in a timely order so that: 

IAEA-CN-106/56 
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a. Immediately after the earthquake, one should: 
− stabilise the plant; 
− evaluate the immediate consequences of the earthquake on the physical state of the plant; 
− If an automatic scram of the plant has not been initiated, determine whether shut-down is 

necessary because the plant has been damaged or because the earthquake has exceeded 
seismic limits used as reference for the design or the reassessment 

− evaluate whether the plant can be safely shut down, if shut-down has been decided. 
 

b. To help the decision to restart the plant, when a shut down has occurred due to an earthquake, 
either automatic or manual, make planned and organised inspections and tests, so that: 

− the plant can be restarted  after the shortest delay, if the damages remain lower than a 
minimum level and if no damage occurred to safety related equipment; 

− if some damages are observed, make expanded inspections of selected safety related 
equipment or non safety related equipment of the balance of plant necessary for normal 
operation. According to the level of damage observed, the plant is restarted after repairs and 
functional tests, and after a leak test of  the containment,  if required; 

− in case of significant damages, all the safety related equipment is checked and /or tested to 
establish its reliability and if satisfactory, the plant can be restarted after repairs and a leak 
tests of the containment that give acceptable results. 

 
c. After restart of the plant or before restart in case of important damages, check the 

consequences of the earthquake on the safety related equipment by comparison of  the effects 
of the earthquake based on the recorded data to the values that were obtained for the 
equipment at design or evaluation stages in case of SSE earthquake. If the recorded data 
exceed the design values, the equipment should be qualified by functional tests or detailed 
analysis. 

These principles should serve as bases for the definition of the instructions to operator and technicians 
in charge of the plan. 

3. CONTENT OF THE SEISMIC PROCEDURES 

In the late eighties, EPRI (Electricity Power Research Institute) started a research on the subject of the 
responses to be given in case of an earthquake [3], based on the experience of real earthquakes on 
industrial plants and considering also that nuclear power plants are more robust by design than 
conventional ones. Such research constitutes a strong basis for the definition of the pre and post 
earthquake actions. 
This work has been confirmed by the U.S. Nuclear Regulatory Commission in several Regulatory 
Guides devoted to pre-earthquake planning and immediate actions after earthquake [4] and pre-restart 
actions after shutdown due to an earthquake [5]. These documents are endorsed by the recent US 
Federal Regulation 10 CFR 50 App. S [6], which is applicable for all US nuclear power plants 
applying for a licence in the following years after the edition of the Regulation. 
The instructions related to the three levels of actions should be adapted especially for plants where 
automatic shut-down is performed when a seismic alarm is triggered. The instructions can be detailed 
as follows: 
3.1. Immediate post-earthquake actions 

These are the necessary actions to determine and control the physical condition of the plant 
immediately after an earthquake and to evaluate the gravity of this earthquake. The sequence of these 
actions is given on the logical chart, fig. 1. 
If automatic shut down has been activated, these instructions should not differ much from the ones 
used when the plant has been shut down due to tripping conditions during or after the earthquake. This 
should be checked on a base by case basis. 
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Any damage that has the potential to impair the operability, the functionality or the reliability of 
structures or components necessary for the safe operation of the nuclear power plant is considered as a 
significant damage (see table 2). 
This procedure is started if a seismic alarm is triggered, if an earthquake was felt on the site, or if an 
earthquake of a certain magnitude was signalled at a certain distance from the plant: 

a. The operator immediate actions are to bring the plant into the closer safe and stable state 
during the period necessary to decide to shut down the plant and initiate it if required. These 
actions are taken in accordance with the procedures applied in response to operational 
symptoms observed in the control room. 

b. The operator or the specialised personnel available on the plant performs a visual inspection of 
the plant in a similar way to the daily watch. During this walk-down, he will identify any 
significant damage that has occurred in the plant.  

c. Simultaneously, the ground motion records and the earthquake parameters from the site 
seismic instrumentation are collected and interpreted. The values are evaluated against the 
SL1 or OBE exceedance criteria. 

d. If the SL1 or OBE has been exceeded or if significant damage has been found during the walk 
down, the plant should be shut down in an orderly manner to allow further inspections and 
tests. If the plant has tripped due to the earthquake under conditions of shut-down, it would 
remain shut down for the inspections and tests.  

e. If the SL1 or OBE has not been exceeded, or if no significant damages were observed, the 
plant can resume operations or restart if it was stopped, following the checks and tests of the 
normal restarting procedures. 

f. After the decision to shut down the plant, the operator or specialised personnel will inspect 
visually the essential safe shutdown equipment to establish its readiness (particularly the 
essential safe shutdown equipment which is not normally in use during power operation) so 
that any repair can be performed or alternate equipment can be readied. The availability of the 
off site power sources is checked and if it is recognised as uncertain, the availability of the on 
site emergency power sources should be determined.  

g. Operate the shut-down when the plant capability to shut down safely has been verified. 
 

All the actions necessary to decide the shut-down of the plant must be performed within the next 4 
hours after the earthquake. The checking of the shut-down capabilities must be performed in the 4 
hours following the decision to shut down. All these actions must be performed by the operators and 
trained personnel of the plant. 
3.2. Pre-restart actions 

These are the necessary tests and inspections to determine, in details, the physical condition of the 
plant and its capacity to be restarted, if it was shut down due to the immediate post earthquake actions 
or due to automatic shut-down in case of earthquake 
The planned pre-restart tests and inspections must allow a fast and reliable restart of the plan, 
distinguishing between the immediate and necessary actions (tests, inspections and repairs), necessary 
to let the plant work normally, and the long term actions, which can be taken after restart, to check 
and, if necessary, restore the full integrity and the long term reliability of the plant. 
In general, for equipment, the inspections consist of a visual observation of the condition of the 
equipment anchorage or of the condition of the attached piping and conduits or a check for other 
evidence of physical or functional damage. 
Any damage that has the potential to impair the operability, the functionality or the reliability of 
structures or components necessary for the safe operation of the nuclear power plant is considered as a 
significant damage (see table 2). 
The sequence of these actions are given on the logical chart of fig. 2 
 
These actions consist of: 
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a. Focused inspections: these are the detailed and visual inspections of a pre selected sample of 
structures and components. This sample will represent all types of structures and equipment 
which are safety related in a nuclear power plant (including the 21 classes of equipment of the 
SQUG necessary for a safe shutdown, low and high pressure storage tanks, piping, electrical 
raceways, air handling ducts, emergency and auxiliary power supply) as well as typical 
structures and equipment non safety related. The latter are selected as indicators because they 
are representatives of non accessible similar safety related equipment or because the damage 
that they may suffer in case of earthquake helps to categorize the damages on a seismic scale. 

b. Determine an intensity of damage by comparison of the results of the tests and inspection with 
a seismic damage scale that has been developed by EPRI from the experience gained after real 
earthquakes. This scale contains four levels, which can be classified as follows: 

− Level 0: No damage and no alarms for safety related structures and equipment seismically 
designed. Some light damage and alarms on vibration sensitive components non-seismically 
designed. This level corresponds to earthquakes slightly below the OBE exceedance 
criterion. 

− Level 1: Similar to level 0 for safety related structures and equipment. Light generalised 
damage and alarms in structures and equipment non-seismically designed. Level 1 
corresponds to earthquakes that are slightly above the OBE exceedance criterion. 

− Level 2: First signs of damages, leaks or cracks on safety related structures and equipment 
which have been designed for earthquake. Widespread significant damage on non-
seismically designed structures and equipment.  

− Level 3: Clear and evident signs of damage, cracks and permanent deformations on safety 
related structures and equipment. Severe damage to non-seismically designed structures. 

c. If there is no significant damage to safety related equipment or structures or if the damage to 
the equipment selected as damage indicators is smaller than level 1 on the EPRI scale, 
operation can be resumed after the tests and inspections required before start-up of the plant. 

d. If there is significant functional or physical damage to safety related equipment or structures 
or if the damage to the equipment selected as damage indicators are equal to or greater than 
level 1 on the EPRI scale, expanded inspections are necessary. All safety related equipment 
and structures and all non safety related balance of plant related equipment and structures 
required for the normal operation of the plant must be inspected and tested. The eventual 
damage is reported and an EPRI level of damage determined. 

e. If after this expanded inspection, the evaluated EPRI level is smaller than 2, the plant can be 
restarted after all reported damage has been repaired or corrected as required. Surveillance 
tests, as required by the plant technical specifications should also be performed. During 
surveillance testing, the vibration of rotating equipment should be closely monitored. 

f. If the evaluated EPRI level is equal to or higher than 2, a leak rate test of the containments 
must be performed in addition to the requirements of repairs and corrections as well as the 
surveillance tests required for the lower level (see 5). The plant can be restarted after the 
repairs, the corrective actions and satisfactory results of the surveillance and leak rate tests. 

g. If the evaluated EPRI level is equal to or higher than 3, it is necessary to inspect the reactor 
vessel internals and the fuel elements in addition to the containment leak rate tests and the 
necessary repairs and corrective actions detailed in point 6. Moreover, the plant will not be 
restarted before performance of the long term evaluations of the safety related equipment and 
structures. 

In all circumstances, when a nuclear power plant has been shut down because of SL1 or OBE 
exceedance or because seismic damages have been found, long term evaluations must be performed. 
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The plant can be restarted before the results of this long term evaluation, except if the observed 
damage level is equal or higher than level 3 of the EPRI scale.  
The inspections and tests are performed by the plant operations personnel assisted by a group of utility 
and contractor specialists experienced in civil/structural, mechanical and electricity engineering and 
trained in observation of earthquake induced damage. 
The focused inspection must be prepared in order to be completed within 24 hours after shut down. 
The expanded inspection, if necessary, should be completed within two weeks after shutdown, except 
if it is necessary to remove the reactor vessel head. 
Long term actions 

These actions aim at evaluating the possible hidden damage to structures or equipment and which 
could impair their long term reliability. When completed they assure that the plant can safely operate 
for a long period and that it is able to sustain another earthquake (see fig. 3) 
These actions are only required if shutdown was due to SL1 or OBE exceedance or if earthquake 
induced damage was sustained by the plant. If the plant had been shut down and if damage was found 
to be below level 2 on EPRI scale, it is not required that they are completed to restart the plant: 
 

a. If the “design parameters” (Floor response spectra, seismic forces and moments,) are below 
their allowable values (Design or upgraded values), no further action is required. 

b. If it is not the case, a representative sample of the equipment needs be assessed: 

− If assessment is done by analysis, a first step is to compare calculated values to allowable 
corresponding to emergency conditions (ASME Level C). If this condition is not met, 
faulted conditions criteria (ASME Level D) can be used, provided some precautions are 
taken (Inspections, tests …). Eventually if faulted criteria are not satisfied, expanded, in 
depth inspections or tests may lead to accept it, otherwise reinforcement, modification or 
replacement must be considered. 

− Assessment may be based on tests. Real floor (in-cabinet?) response spectra are compared 
to the test response spectra. In case “Generic Response Spectra” (GERS) are used, a margin 
of 30% is required. 

− Assessment may be based on real earthquakes experience. The method is well documented 
in specialised reports [12]. Its description is well beyond the scope of this paper. 

4. SEISMIC INSTRUMENTATION 

To ease the decision making of the operators for the immediate post earthquake actions, it is necessary 
to detect and monitor the earthquakes recorded on the site. To that aim, international regulations 
recommend the installation of a specific seismic instrumentation (see IAEA [1], [2]). 
4.1. Role of the seismic instrumentation 

A seismic instrumentation on the site of a nuclear power plant is recommended to: 
− Give alarm to the operator if an earthquake is felt and to initiate the procedures of immediate 

actions after an earthquake to decide whether shut-down is needed or not; 
− In some countries and for some facilities, initiate an automatic scram when prefixed 

accelerations have been exceeded; 
− Record the time histories of the event in the free field, analyse them and give an alarm when 

prefixed criteria and levels have been exceeded; 
− Record time histories and peaks of acceleration, velocities and displacements at some 

locations in the plant to obtain values that can be compared with values at design stages to 
facilitate the decision of restart after shutdown due to an earthquake and to complete the 
information needed for the equipment in the long term evaluation; 
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− Use those records to analyse the dynamic behaviour of  structures and equipment in order to 
assess the degree  of validity of the analytical methods used for the seismic design and the 
seismic qualification of the buildings , equipment and components; 

In some countries, it is recommended to install a seismic network at some distance of the plants to 
record the microsismicity and improve the knowledge of the regional sismicity and of the local 
tectonic motions. This type of instrumentation is not discussed in this paper. 
4.2. Recommended number and type of instruments 

A minimum amount of seismic instrumentation should be installed at any nuclear power plant site, as 
recommended in the IAEA Safety Standard DS 304 [1]. It consists of: 

− One triaxial strong motion recorder in the free field; 
− One triaxial strong motion recorder at the base of the reactor building; 
− One triaxial strong motion recorder on the most relevant floor inside of the reactor building. 

Additional seismic instrumentation should be considered for sites having SL2 or SSE free field 
accelerations equal or greater than 0.25 g. 

The US NRC RG 1.12 [6] requires additional strong motion triaxial recorders at the base and in 
elevation of a representative auxiliary building. For all the instrumentation, it describes the 
recommended triggering levels, the minimum performances, the tests of calibration and maintenance 
and their periodicity (see fig. 4).  
Such instrumentation as well as the components of the monitoring computer and of the free field 
station is described for the Belgian Nuclear Power Plants in [11]. 

It is not necessary to instrument all units on the same site, provided that they are similar and that a 
similar seismic behaviour can be expected. The instrumented unit shall give the alarms to the other 
units on the site so that they can start the seismic procedures independently. 
4.3. Some criteria of selection of a seismic instrumentation 

For the seismic instruments used to record the earthquake, analyse the records and give the alarms, it 
is suggested to pay attention to: 

a. the quality and the constant power supply;  
b. simplicity of tests and of maintenance: 

− A limited number of instruments of maximum two different types to reduce the costs of 
maintenance and of its training.  

− Simplicity of the functional tests, reduction of the periodicity of the tests and of their 
duration. Possibility to automate most of the functional tests. 

− The calibration tests must be as simple as possible, with light and portable material. They 
must be made by trained technicians of the plant in periods of refuelling. 

c. immediate triggering and alarm. When a prefixed threshold is exceeded, the system must give 
an alarm and start to record the time history. 

d. fast, complete and reliable recovery of the records with memorisation of the records in two 
stages: 

− at first, recording of the event memorising also the instants before triggering;  
− afterwards, automatic transfer of these records to a central memory system where they are 

treated stored and analysed for decision.  
− In case of loss of the transmission line, the remote recording device must keep trace of the 

records so that a manual transfer and treatment is possible. 
− In case of bad functioning of the free field monitoring devices, use the records at the base of 

the reactor building to  analyse the signals to give the seismic alarm 
e. fast and simple treatment of the records for OBE exceedance evaluation: 

− A system which calculates and shows to the operator the results of the comparison of the 
recorded earthquake with the OBE exceedance criteria and gives an alarm when the OBE is 

313



 

 

exceeded. Preference is given to an automatic system which gives the answers in a 
maximum of 4 hours. 

− This system must also help the operator to discriminate non seismic events and spurious 
signals from real earthquakes; 

− A user friendly manual analysis process for the evaluation and the comparison of the 
records and of the spectra should be provided, with complete protection of the recorded data 
and results.    

f. keep a minimum monitoring during the maintenance period of the instrumentation and the 
outage periods of the plant; 

g. use preferably fully independent systems (sensors, transmission and alarms, source of power) 
for the automatic scram system and for the seismic monitoring devices used to generate the 
alarms and evaluate the importance of the earthquake. 

 
The benefits and disadvantages of an automatic scram system should be examined, considering the 
possible occurrence of spurious scrams, the interferences of the scram induced transients with the 
earthquake, the need for specific qualification and maintenance tests for the instrumentation. 

5. SEISMIC EXCEEDANCE CRITERIA  

Experience has shown that earthquakes having a high frequency content and a short duration are less 
destructive than the long duration earthquakes used for design, even if their spectral acceleration may 
exceed the design spectral accelerations [7]. Similarly, in some countries, peak accelerations higher 
than the SL1 or OBE accelerations have been recorded on some plants, with no significant damages to 
the plant or the equipment [8]. 
Criteria based only on the exceedance of peak acceleration or exceedance of  the design response 
spectrum at the base of the reactor building are not realistic because they neglect also the amount of 
energy released as well as site specific characteristics of the earthquake, particularly for soft soil sites. 
These criteria can also be over pessimistic, requiring shut-down, with no significant damages to the 
plant, causing a loss of power that can be more catastrophic than the earthquake itself.  
5.1. Exceedance of the OBE or SL1 level 

The criteria should consider the fact that for most sites, the OBE or SL1 levels corresponds to low or 
moderate accelerations causing very minor damages to the plant. They should be based on the 
exceedance of the response spectrum (OBE or SL1) that has been determined for the design of the 
plant or for a seismic reassessment of the facility and to which the plant has been certified by tests and 
analysis to operate safely. 
From the data bases of earthquake damages recorded to equipment and components in fossil power 
plants, limit values of accelerations and velocities can be set, for which no significant damages have 
been recorded.  
Correlations have also been established in some countries relating the importance of the observed 
damages or the intensities with the energy released by the earthquake on site and thus the duration of 
the strong motion based on the Cumulative Absolute Velocity the integral with time of the absolute 
values of the acceleration time history recorded in the free field). Such work has been performed by 
EPRI [9] in USA and by other researchers in Europe [13]. 
Using the work of EPRI, the US NRC has defined seismic exceedance criteria [4], that require the 
simultaneous exceedance of two limits for one or the three components of the earthquake recorded in 
the free field: 
5.1.1. Acceleration, velocities and response spectrum 

One of the three components of the 5% damped response spectrum exceeds:  
− the corresponding design or reassessed OBE  acceleration response spectrum at frequencies 

between 2 or 10 Hz or the acceleration of 0.2g, whichever is greater; 
− the corresponding velocity OBE response spectrum at frequencies between 1 and 2 Hz or the 

velocity of 15 cm/s, whichever is greater. 
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5.1.2. Cumulative velocity 

The Cumulative Absolute Velocity is greater than 0, 16 g.s. The CAV is the area under the absolute 
acceleration time history being calculated for consecutive steps of 1 second where the peak recorded 
acceleration exceeds 0.025g. 

5.2. Use of theses criteria in other countries 

These criteria should be adapted for sites outside of the USA, taking into account the type of structures 
and equipment that can differ from the database used by EPRI and considering the specific 
characteristics of the earthquakes that can affect the site. This can be done by: 
− Correlating the damaging characteristics of significant earthquakes with a CAV threshold similar 

to the one fixed by EPRI; 
− Comparison of the safety related structure, piping, equipment anchors and supports characteristics 

with the ones of the  US database and particularly their design limits for the seismic load case; 
− Consideration of the site specific geo-mechanical properties, that can affect the limit values, 

particularly for facilities on soft soil conditions 
5.3. Automatic scram systems 

The trigger levels used to activate the scram on the plant should be placed between the SL1 or OBE 
and the SL2 or SSE levels and their values adapted to the location of the sensors in the plant: 
− Slightly above SL1 level , thus for acceleration values causing very minor damages in general and 

probably no damages to safety related equipment, in order to avoid unnecessary scrams; 
− Under SL2 level, because at such accelerations, important damages can be expected in the vicinity 

of the plant, causing most probably the loss of offsite power and the alteration of the water supply 
needed for the heat removal. 

Different values can be selected for the alarms, even temporarily, to take also into consideration the 
intermediate states of the plant: outage, refuelling... 

6. DATA BASES 

In order to validly assess the damage caused by the earthquake, a “snapshot” of the pre-existing state 
should be known. The information needs cover representative equipment and structures, safety related 
as well as non-safety related. The SSEL (Safe shutdown Equipment List) set up perform the SQUG 
walk-down’s is a good starting point to pick a sample of representative, safety related equipment. For 
non-safety related equipment the following may be considered: large tanks, supporting columns of 
cooling towers, equipment in turbine hall, joint between buildings, residual heat removal structures 
and equipment, switchyard equipment and components... 
 
For both types, the selection should be guided to maximize damage detection, i.e. equipment with 
components known to be earthquake sensitive (e.g. isolators on electrical equipment) and located in 
high amplification area'’ (e.g. upper floors of tall buildings). An initial inspection, including pictures 
or any other means of recording should be performed to assess the initial state of the equipment and 
structures. The documentation gathered on the SCUG equipment can ease this task, as the state of that 
equipment is known and documentation filing is organized. To take care of any possible « drift » due 
to maintenance, engineered modifications, ageing, etc. periodic cursory walk-down should be 
performed to check that the information is kept up-to-date. 

7. IMPLEMENTATION OF THE DETAILED PROCEDURES 

The following is a description of one possible way to establish detailed and operational procedures in 
case of earthquake. This is given as an example and must certainly be adapted to the situation of each 
nuclear power plant. 
The seismic procedures will not replace any of the normal, under incident or under accident 
operational procedures but they will organize and use the existing procedures for these conditions 
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taking into account the fact that an earthquake might affect the plant as a whole and not only some 
localized or specific equipment or component. 
The seismic procedures must also consider the different situations of the plant at the moment of the 
earthquake: normal operation, outage, refueling, etc... 
7.1. List of structures, equipment and components 

− Establish the list of safety related structure, equipment and components and range them according 
to a standardized categorization; 

− Establish the list of the seismically classed structures, equipment and components taking into 
account the interaction effects; 

− Identify those equipment and components that are necessary in case of earthquake and after 
earthquake (for example: the structures equipment and components related to residual heat 
dissipation after shut down) 

− Classify the equipment and components according to the class of 21 equipment according to 
SQUG. 

7.2. Generic seismic guidelines 

Establish generic seismic guidelines for immediate actions, for pre restart actions and for long term 
evaluation, based on: 
− EPRI, R.G. 1.166, R.G.1.167 or other documents; 
− List of 22 equipment; 
− The building structures and the plant equipment characteristics; 
− The type of seismic instrumentation and alarms 
These guidelines should be reviewed and approved by the Safety Authorities before proceeding with 
the detailed technical procedures. 
7.3. Identification of operating procedures 

Identify the operational procedures that are used in case of abnormal situations for each status of 
operation of the plant (full operation, refueling, outage...) in order to select the most appropriates for 
the seismic incident 
Complete these procedures for the case of earthquake, knowing that the earthquake can affect the plant 
as a whole. This consist mainly to complementary checks of the availability or functionality of needed 
equipment and eventual remedial. 
7.4. Definition of the seismic indicators 

Per building, list the seismically sensitive structure, equipment, supports and components.  
Extract from this list a new list of structure, substructure, supports equipment and components that 
will serve as earthquake indicators, based on: 
− List of the equipment per safety categories; 
− List of equipment per seismic classes; 
− List based on the 22 class of equipment of the SQUG  data base; 
− Seismic design and qualification files and records; 
− Experience of the people involved in the seismic design or any seismic reassessment and 

modernization program of the considered nuclear power plant 
− Accessibility of the components and equipment under ALARA conditions 
The equipment and components should be selected because they are seismically classed equipment or, 
even if they are not seismically classed, they are representative of the seismic behavior of several 
classes of equipment. 
7.5. Detailed procedures in case of earthquake 

The guidelines defined in 7.2 need to be translated in technical procedures defining the work to be 
done to the last detail. These procedures have to describe each task and define who will perform it, 
such as which equipment to look at, in which building area, distinguishing also between the various 

316



 

types of inspections (general, focused...). Acceptance criteria should be included as well as subsequent 
actions in case of meeting/failing the criteria. Detailed knowledge of the plant is therefore needed and 
these procedures should preferably be written by the plant personnel, with the assistance of seismic 
experts like people that are familiar with seismic reassessment processes or the SQUG approach.  
 
The detailed procedures will use the gathered information defined above (point 7.1 to 7.4) and should 
emphasize the principles defined in the introduction, remembering that the first priority actions to 
perform by the operators are (by priorities): 
− to stabilize the plant and to answer all alarms and operation anomaly indicators following 

indications of the operation procedures in accidental situations.  
− to obtain the necessary information from control room indicators about the core status and the 

primary system and secondary system activity and operations. 
7.6. Training of operators 

In a country of low to moderate sismicity, where people are not familiar with the consequences of an 
earthquake, it is recommended to familiarize the personnel of the plant with what they can expect in 
case of earthquake and to give them images of what and where the damage is most likely to occur.  
 
It is very difficult to simulate the consequences of an earthquake on a nuclear power plant, because of 
the numerous possibilities of alarms and indicators that can be triggered or can be defect, the whole 
plant being affected by the event, thus a full training on simulators is not feasible. However, operators 
and their assistants should be trained to avoid panic and follow the immediate actions after an 
earthquake in order to familiarize them with the most important tasks that are: 
− stabilize the plant,  
− decide whether the plant should be shut down or not  
− check if the shut down is possible, before performing it. 
 
Operators should also be trained to the use and analyze the outputs of the seismic recording and 
monitor tools placed in the control room, to check if the OBE earthquake has been exceeded or not 
and if the seismic instrumentation did work correctly. 
7.7. Training of inspectors 

Focused inspections have to be carried out within 24 hours after the earthquake. They need 
consequently to be performed by the plant personnel. To obtain meaningful results in such reduced 
time span, the inspection need to be rigorously organized (inspection spot well identified) and 
prepared (pre-earthquake state well documented). 
Expended inspections should be completed within two weeks after the earthquake. As more inspection 
spots are involved, the inspections may be carried out with the assistance of external experts who can 
exercise their engineering judgment in evaluating the importance of the damages that might be 
discovered. 
The inspection staff should be trained to detect and identify the damages. This training could be under 
the form of pictures and description of real seismic damages recorded in industrial facilities. 
At least they should receive a description of the damages that they can encounter during their walk 
down related to the structures and equipment that they will have to inspect. 
Create, and if necessary, comment the checklist and report forms that they will have to fill in during 
their walk downs 
7.8. Preliminary walk down and seismic databank 

After having selected the seismic damage indicators, perform a pre-earthquake walk down to evaluate 
the adequacy of the selection and to check if the  inspection is possible under ALARA conditions in 
the time delay imparted for these inspections.  
This walk down should preferably be made with the people that will perform the inspection later on. 
They should be daily familiar with the zones that have to be inspected. 
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Create the databank of the indicators by pictures and technical description of their aspect, situation and 
operational status as well as their connections. His databank will serve as reference after earthquake. 
Create eventually comparison sheets and list of points to be examined to facilitate the work of the 
inspection staff. 
This data bank should be reviewed on a regular basis to take into account modifications or ageing. 
7.9. List of equipment for focused inspections 

In case of damages encountered on seismic indicators, and in order to evaluate if the plant can be 
safely restarted, establish the tools necessary to define the level of damages according to the EPRI 
damage scale. 
Define how to perform eventually a complementary walk down to establish if damages have been 
encountered on safety related structures, equipment or components, by: 
− Defining the list of the equipment to be examined during the focused inspections; 
− The type of damages and the way they can be classed according to EPRI scale  
− The check and report file format. 
− ... 
The reports established during the walk down just after the earthquake might be used to that aim. But 
the goals are different, because if the objective of the walk down immediately after earthquake is to 
identify the damages, without trying to determine their degree, the second walk down is performed to 
evaluate the functionality, the operability and the reliability of equipment after restart of the plant. 
If necessary, functional tests of equipment should be carried out, especially for those that was not 
functioning during the earthquake. 
7.10. List of documents and tests necessary for restart 

Establish the data bank of documents and information necessary to compare the situation of the plant 
with the design documents. 
These are mainly the seismic floor response spectra used for design to be compared to these measured 
during the earthquake at several locations in the plant. 
The list of evaluations and functional tests of equipment preliminary to a restart is similar to the list 
used to start the plant after shut down due to accidental conditions, but taking into account the fact that 
the plant has been influenced by the earthquake as a whole. 
Define a list of expertise domains that should be covered by experts performing the focused 
inspections after earthquake. 
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Significant damage (physical or functional) is considered to be damage which has the potential to 
adversely affect the operability, functionality or reliability of equipment or structures required for the 
safe operation of the nuclear power plant.  
Significant damage is indicated by each or a combination of any or all the following indicators: 

 

Equipment or 
structure 

Description of damage 

Concrete structure New or earthquake-induced cracks in concrete > 1.5mm in 
width, spalling of concrete, visible distorsion of frames. 

Steel structures New or earthquake-induced visible plastic deformation or 
cracking of joints, visible distorsion of bolts, bolts holes or 
steel members. 

Piping Through wall cracks in pipe resulting in leakage, evidence of 
new or increased leakage at joints or connections following 
an earthquake, complete or partial severance of pipe, 
significant (> 10%) flow reduction due to cross-section 
impairment or flow control valve malfunction. 

Distribution system 
supports 

When support is no longer capable of performing its support 
function. 

Mechanical or electrical 
equipment 

Visible distorsion of anchorage system, sliding of the base of 
the component, rupture (leakage) of attached distribution 
system; general crimping or buckling of the equipment body, 
shell or housing. 

Rotating equipment Excessive noise, vibration or temperature in running 
equipment. 

 

 

 

 

Table 2: Definition of significant damage, according to EPRI ref. [7] 
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GROUND SHAKING SCENARIO FOR THE LAGUNA VERDE, 
MEXICO POWER PLANT; AND THE 1920 MW=6.4 XALAPA 
EARTHQUAKE INFERENCES 
 

 

 A. Uribe-Carvajal, S. Fernández-Ramírez 

 Comision Federal de Electricidad, Mexico 

 
Abstract. The seismological studies carried out in order to understand the tectonic setting, the seismic risk 
involved and the method used to determine the seismic parameters to Laguna Verde Nuclear Power Plant are 
reviewed. 
The area is characterised by frequent low energy seismic activity.  Although, in January of 1920 a destructive 
earthquake (MW=6.4) occurred in the Xalapa area, about 100 km from the Power Plant.  We recorded 
background sismicity from 1986 to 2001 in the neighborhood of the intraplate Xalapa earthquake of 1920 (which 
is the earthquake that was used in an empirical form to design the Power Plant).  Seismic activity here occurs as 
brief earthquake bursts and scattered single events.  Two well defined zones can be defined, the Xico and the 
Chilchotla areas. The last of these correlate with the damage area originated by the Xalapa earthquake. To obtain 
the geometry of the source, in order to constrain the essential characteristics of the seismic source we used 
intensity data. Focal mechanisms  resulted with an NW-SE orientation that is in agreement with the orientation 
of the observed geological structure lineaments. We applied a stochastic method  to simulate the strong ground 
motion characteristics associated with the 1920 Xalapa earthquake, in this approach, the ground motion is 
simulated as a summation of several stochastic point sources, different rupture processes with the previously 
inferred fault plane were simulated.  The map of mean values of computed PGA shows an NW-SE alignment in 
accordance with the macroseismic data.  As a further exercise, we also computed the response spectra in the 
Laguna Verde Power Plant site and then compared it with the proposed design spectra.  
 
1. Introduction 
 
The Laguna Verde Power Plant (LV), is located in the eastern  part of the Trans Mexican Volcanic 
belt (TMVB) on the coast of the Gulf of Mexico, as shown in figure 1. Its seismic design is mainly 
related to the occurrence of the Xalapa 1920 earthquake. Which was a shallow intraplate event, not 
related to the subduction process that takes place at the Middle America Trench. The focal mechanism 
of the earthquake is unknown, most of the human casualties were  related to mud and debris flows 
along the Huitzilapa River (Suarez,1991). Since empirical simulations of this phenomena were used in 
the design of the plant, and the safe shutdown earthquake is pointed 15 kilometers from the actual site, 
any contribution to the knowledge of the tectonics of this area is highly important to LV , Xalapa and 
other surrounding towns. 

The 1920 event was located forty kilometers southwest of Xalapa at a depth less of 15 km by Suarez 
(1991), Earthquake Intensity distribution were described by Flores and Camacho in 1922, and are 
shown in figure 2, in which it can be seen that it reached a maximum of XI in the Cancani scale in 
where the epicentral area is proposed. 
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2. Tectonic Setting 

Large tectonic earthquakes in Mexico are related to the subduction of the Cocos plate beneath the 
continental part of Mexico. However, medium size intermediate events occur along the TMVB. 
Examples of these are the Acambay one of 1912 with a magnitude of 6.9; The one in Pinal de Amoles 
in 1887 magnitude 5.3; The Xalapa earthquake 1920, magnitude 6.4; Ixmiqilpan 1950, magnitude 4.1, 
Cardonal 1976, magnitude 4.6 and the Maravatio 1989, magnitude 5.3 . All these are shown in 
figure 1.  As figure 1, a cross section from Manzanillo to the LV site is shown. In it the Wadati 
Benioff zone can be observed to have at the most a depth of 75 km below the TMVB. There is no 
evidence that the Wadati Benioff zone continues beneath the Xalapa area. Maximum depths  of the 
events on the TMVB are not plotted since they are not well constrained or not known at all. (Pardo and 
Suarez, 1995). Historical important earthquakes in the Xalapa area also occur in 1546, 1691 and 1874, 
(Garcia and Suarez, 1996) . 

3. Seismological Instrumentation 

In order to observe small earthquake activity we deployed  five portable smoke paper seismic 
recorders with seismometers of one second period, since 1986. Using as regional coverage the 
permanent seismic network of LV, east of Xalapa. The whole array can be seen in figure 2. 

4. Data Analysis 

Micro seismicity was located using the Hypo program of Lee and Valdez (1985), with an earth crust 
model obtained for the area by CICESE (1987). Coda magnitude of the recorded events ranged from 
1.5 to 3.6. 

We were able to observe bursts of seismic events followed by quiescence periods. Also isolated events 
were recorded. Two zones with major concentration of activity were identified. We called them 
Chilchotla (CHI) and Xico (figure, 3). 
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At Xico we located 29 events in the 2.0 to 3.2 magnitude range. At CHI 17 earthquakes were located 
in the range from 1.5 to 3.0. They all follow a NE-SW trend (figure, 3). Which is in accordance with 
the geological structures of the area. Focal mechanisms were calculated  using the FPFIT program 
(Rosenberg and Oppenheimeer, 1985) The solutions suggest normal faults with a strike of 60°, a dip of 
35° NE, and a  rake of 40° with an error of 10°. The strike of the mechanism also agrees with the 
geological structures observed within the area. 

Figure 2, shows that high intensities are along the Huitzilapa river and that the isoseismic lines follow 
the NE-SW trend in accordance with direction of the river also. Using the method proposed by 
Gasperini et al (1999) to approximate the form of the source of this event,  The magnitude was 
calculated by Singh et al. (1994), they assigned a seismic moment Magnitude (Mw) of 6.4 for it and 
the geometry of the source was obtained by relating zones of high equal seismic intensity values  on 
the sites in the area. By these means a 60° + 8° direction. A length of  21.68 km and a width of 10.98 
km were obtained using  Wells and Coppersmith’s (1994) technique.   

Figure 4, shows the source as the surface projection of a 35° dipping plane. It can be seen there that 
the Huitzilapa river is contained within the source. As well as the epicenters of the CHI zone. 
Therefore its is possible that the river runs over the fault that originate the Xalapa earthquake.  

5. Seismic Hazard Determination 

With the seismic parameters described above and applying the FINSIM code (Beresnev and Atkinson, 
1998), different times series were calculated corresponding to the towns in the vicinity of the rupture 
area (figure 4). 

 

 

 

 

 

 

Figure 4. Rupture area of the Xalapa event,
recorded seismicity and simulated time series

 
Figure 3.  Seismic activity recorded
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Peak ground acceleration contours are shown as figure 5, and they clearly follow the tendency 
described for all seismic observations described through out this work. It is important to note that PGA 
attenuates rapidly in this figure. 

The main purpose of this calculation is to increase the knowledge of the tectonic processes that take 
place in the neighborhood of LV and to determine the possible effects that could have in the power 
plant. Therefore, once the review of the Xalapa earthquake was complete, we simulated its occurrence 
at 15 km from LV as in the original study. With all the characteristics discussed previously for the 
Xalapa 1920 earthquake the time series showed in figure 6 was obtained, the comparison between the 
resulting design spectra and the one used for the operation basis one (OBE) is shown in the same 
graphic. It can be seen that The Spectra used in the design overestimates the one resulting from the 
new approach presented here. That is, from this work the seismic risk in Laguna Verde is smaller than 
that for which it was designed. 
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Figure 6. Response spectra calculated in black,
and the one for the OBE.  Time series obtainesd
for the LV site in the bottom. 
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Abstract.  At 2001 in Embalse N.P.P, Argentina, a new seismic instrumentation system was installed. It is described 
the process of parameters selection for software and hardware equipment customization. Minimal acceleration 
measurement value to initiate the "event detected" signal, CAV (Cumulative Absolute Velocity) and Normal 
Operation Earthquake Spectrum have been adopted from different seismic reports of site. Different considerations 
were made regarding the final sensor configuration. Experience about initial operation system is summarized.   
  
 
1. Introduction 
 
Embalse Nuclear Power Plant is a CANDU 600 HPWR - 648 MWe. It was built in Embalse, Province of 
Córdoba, Argentina. This Plant is in commercial operation since 1984.  
 
In 1999 was initiated a program to install a new seismic instrumentation system in order to detect a 
seismic event and determinate the event severity and its comparison with the design basis earthquake. 
 
The technical specification of SMS (Seismic Monitoring System) was elaborated according to IAEA 
Reports, Regulatory Guides of US-NRC and US-EPRI Guidelines (Ref. [1], [2], [3], [4], [5], [6], [7], [8]). 
 
The hardware and software of SMS instrumentation are supplied by GEOSIG. This supplier had 
references of similar equipment installation in another European Nuclear Plants. 
 
 
 
 
 
 
                                                           
∗ Work performed in Embalse N.P.P. 
† Present Address: Central Nuclear Embalse PO BOX 3 PC 5856 EMBALSE - CORDOBA - ARGENTINA 
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2. SMS Equipment Description  
 
2.1. System General Description (see Fig. 1). The equipment has the following main 
components: 
 
(a) Central panel located in the seismic secondary control room with industrial computer, sensor signals 

processor and watchdog;  
(b) The display alarms operator in main control room;  
(c) Three-axial sensor at field free; 
(d) Three-axial sensor in the reactor building foundation base; 
(e) Three-axial sensor in Boiler Support (Reactor Building). 

 
3. SMS Instrumentation Start-Up 

 
3.1.  SMS verification: after installing and during the equipment start-up the following main tasks were 
done: 

  
(a) Mounting, Cabling and electrical connection verification; 
(b) Sensor functioning tests; 
(c) Automatic Evaluator CPU Test. 
 
3.2. Software customization of Automatic Evaluator CPU for Normal Operation Earthquake 
spectrum. 
 
The most important parameters for the configuration of system, which must detect and record the seismic 
earth movements, to evaluate its intensity and compare the sensed values against the design values are the 
followings: 
 
3.2.1. Minimal acceleration value to initiate the recording of signals and to generate the signal of 
seismic event. 

 
The SMS detects and records all the signals of  three-axial sensors which are compared with the minimal 
acceleration value for initiate the recording of signals  and to generate the signal of "event detected". This 
signal initiates an acoustic alarm and light on the alarm window for operator in control room. 
 
The start recording signal controls the recording function at the main computer in central panel. 
 
Each sensor have its corresponding minimal acceleration values. These values were selected taking into 
account the environmental normal vibrations due to normal operation or measured vibrations caused by 
circulation (free field). 
 
Anyway, these values were provisory set and after a period of time were confirmed to avoid unnecessary 
"event detected" signals which could to disturb the normal attention of Control Room Operator. 

 
3.2.2. Calibration value of Cumulative Absolute Velocity (CAV) used like a reference of probably 
damages level of plant. 
 
According to regulatory guide US-NRC-1.166, the value selected for this potential damage indicator was: 

 
CAV =   0.160  g.sec 
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The Embalse SMS was customized with this last value for the three sensors of system considering each 
axial component (horizontal X, horizontal Y, and vertical Z). 
If  earthquake signals are detected and they are greater than the minimal value specified to each sensor, the 
signal "event detected" is initiated. Then signals recording and CAV evaluation is started. The CAV value 
is compared with the value 0.160  g·sec. 

 
3.2.3. Determination of Normal Operation Earthquake design spectrum. 

 
It is possible to consider a Normal Operation Earthquake, a Probable Earthquake, a Basic Earthquake Site 
or an Earthquake Level SL-1. 
 
The different definitions are corresponding to specific criteria, practical experience, specific standard 
requirements that depend on different countries or institutions.  

 
According to the IAEA Safety Guide SSS 50-SG-S1-rev 1, the Earthquake Level SL-1 is an earthquake, 
which has an annual means probability to be surpassed equal to 10-2, that is equivalent to return period of 
100 years. 
 
The standard ARN 3.10.1 of the Nuclear Regulatory Authority of Argentina indicates the Probable 
Earthquake is the most relevant one among these earthquake which have an occurrence expectancy at least 
once during total all Nuclear Plant's operation life. 
 
The Embalse N.P.P. design adopted only one earthquake level for seismic qualification. This level is the 
Design Basic Earthquake (DBE) that has an annual means probability to be surpassed equal to 10-3 with a 
value for the Peek Ground Acceleration (PGA) equal to 0.15 g.  
 
According to the Canadian design guides (1974) the Operation Basic Earthquake (OBE) has an annual 
means probability to be surpassed equal to 10-2 and its level is equal to 0.5·DBE level. According to this 
criteria, the PGA value is 0.075 g for OBE level. 
 
The “Probabilistic Analysis of Earthquake Risk for Embalse NPP”  (1983) established the PGA value 
equal to 0.08 g for the Earthquake Level SL-1 (earthquake which has an annual means probability to be 
surpassed equal to 10-2, that is equivalent to return period of 100 years). 
 
Finally the configuration of Embalse SMS was realized with PGA for horizontal component  X = 0.08 g , 
PGA for horizontal  component Y= 0.08g and PGA for vertical  component Z = 2/3 · 0.08g 
 
The PGA value for vertical component Z is according to the recommendation of Newmark & Hall, 
NUREG CR-0098, 1978. 
 
The Normal Operation Earthquake Spectrum of wide band and elastic response is according to the US-
NRG 1.60. 
 
For Exceeding Criteria Verification to apply in the Operation Procedure the spectrum configuration must 
be considerate the critic damping. Then, the values adopted for the control points A,B,C and D of 
spectrum are the followings:  
 

A  (33.00   Hz)  = 1.00  
B   ( 9.00   Hz)  = 2.61 
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C   ( 2.50   Hz)  = 3.13 
D   ( 0.25   Hz)  = 2.05   

See Fig. 2. 
 
Special consideration must be done regarding the criteria adopted to configure all the sensors with the 
same ground spectrum.  
 
That means that the two sensors of the Reactor Building (foundation and boiler support level) were not 
configured according the specific spectrum for each level. These specific spectrums for each level are 
greater than the free field level. 
 
This more conservative configuration will be normalized after the test period. 
 
4. Test period experience 
 
During the test period (one year after the start-up) several minor failures were detected: 
 
- Noise signal in sensor #3 was overcome with a greater off-set value 
- Little water inflow in the free-field sensor Junction-Box. Better sealing was improved. 
- Test procedure revision including the test delay time on each test. 
- Peak signal sensors variation. Cause probable: environment temperature variation 
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THE SEISMIC NETWORK AROUND THE KRŠKO NUCLEAR 
POWER PLANT 
 

 

 R. Vidrih, M. Godec, A. Gosar, P. Sinčič, I. Tasič, M. Živčić 

 Ministry of the Environment, Spatial Planning and Energy, Environmental Agency of 
the Republic of Slovenia, Republic of Slovenia 

 
Abstract. In order to assess the level of seismic hazard at the location of the Krško nuclear power plant we 
improved the monitoring of the seismic activity in the broader area of Krško basin with the modern local seismic 
network. This network enables to record and accurately locate very weak earthquakes, which disclose the 
seismicity patterns of Krško basin. Considering geological conditions, available equipment, available 
communications and the disposable funds, the network consists of four seismic stations. The survey for good 
sites was performed first. Geological conditions required that two of the sensors were installed in a shallow 
borehole (both are approximately 18 meters deep), and two in a four meters deep vault (all of sensors are Guralp 
CMG-40T). Typical seismic station consists of seismic shaft with sensor and data acquisition system and service 
shaft with communication equipment (modem, router) and power supply with battery box, which provide energy 
in case of mains failure. For data acquisition Quanterra Q730 broad band data logger is used. The system is 
recording continuous time-series sampled at 200 sps, 20 sps and 1sps. Seismic monitoring stations are connected 
to the data-processing center in Ljubljana via governmental computer network. The data-processing center is 
equipped with SUN workstations and Antelope software, where data are processed in real time. The Krško local 
seismic network cover area of four hundred square kilometers and is compatible with Slovenia national seismic 
network in terms of equipment and analyzing software solution. 

1. Introduction 

In various research programmes necessary for assessing seismic hazard at the location of the Krško 
Nuclear Power Plant prepared in the past ten years, the need was established several times to improve 
seismic activity monitoring in the broader area of the Krško basin through a local network of seismic 
monitoring stations. In 1991, a project for such a network was proposed (Trnkoczy et al., 1991) but 
was not carried out due to insufficient funds. Since 1993, geological and particularly geophysical 
research has intensified in the area of the Krško basin, initially in the framework of the national project 
financed by the Ministry of Science and Technology, the Ministry of the Environment and Spatial 
Planning - Nuclear Safety Administration and the Ministry of Economic Affairs (1994-1996), and later 
in an international project financed by the EU through the PHARE programme (1998-2000). This 
research has provided quite a good presentation of the surface and deep geological and tectonic 
structure of the Krško basin. Since every assessment of seismic hazard is based on so-called 
seismotectonic models linking tectonic occurrences (faults) with earthquake hypocentres, the final 
report of the PHARE project again underlined the need for more precise monitoring of seismicity in 
the Krško basin using modern stations set up in its direct vicinity. A proposal was made to monitor 
two faults discovered through geophysical research, namely the Artiče fault and the supposed Orlica 
fault. Slovenia accepted the recommendations of the PHARE project conclusions as an obligation to 
be realised in the shortest time possible. 

From December 2000 to March 2001, several meetings were held on the topic of seismicity 
monitoring in the Krško basin attended by representatives of the Ministry of the Environment and 
Spatial Planning, the Office for Geophysics (now called the Seismology Office of the Environmental 
Agency), the Nuclear Safety Administration, the Krško Nuclear Power Plant and the Ministry of 
Economic Affairs. As equipment for upgrading the national monitoring stations network had already 
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been bought, it was agreed that part of it should be temporarily used to set up four monitoring stations 
around Krško. 

2. The number and position of seismic stations (network geometry)  

The characteristics of the monitoring stations network are described by two key parameters: precise 
location of earthquake epicentres and hypocentres, and the network's sensitivity to record weak 
earthquakes. Precise hypocentre location depends directly on the number and distance of monitoring 
stations. At least three monitoring stations are needed to determine an earthquake epicentre and at least 
four to determine earthquake depth. The sensitivity of the monitoring stations network depends on the 
characteristics of seismological equipment, seismic noise and geological conditions at the location of 
monitoring, and on the distance of the earthquakes involved. In precise monitoring, as is the case in 
the Krško basin, even the recording and location of very weak earthquakes, which do not cause any 
damage but say a lot about the seismic characteristics of fault monitoring, is necessary for 
seismotectonic analyses. Regarding the number of stations for seismic monitoring in the Krško basin, 
different possibilities ranging from two to six monitoring stations have been studied. In view of the 
required sensitivity, precision and geological conditions, a minimum of six monitoring stations is 
needed. Considering the construction conditions, available equipment and the possibility to secure 
funds for realisation, we decided on four monitoring stations in this phase. Our decision was mainly 
influenced by the geological conditions and locations of the existing monitoring stations. Namely, 
most of the Krško Basin is covered by Quaternary, unconsolidated sediments highly unsuitable for the 
construction of seismic monitoring stations. Therefore, we had to search for suitable locations on the 
periphery made up of Mesozoic limestones and dolomites with better mechanical characteristics. 
Various studies have shown that two monitoring stations to the south of the basin in the area of 
Gorjanci and two to the north in the Krško hills and Orlice will be enough to cover the central area of 
the Krško Basin. As the basin is elongated in west-east or southwest-northeast directions, the areas to 
the west and south of the desired narrow monitoring area do not contain suitable rocks for setting up 
monitoring stations. 

3. Technical characteristics of seismological equipment and data transfer 

Seismic data from four seismic monitoring stations in the Krško Basin will be processed by the 
Seismology Office of the Environmental Agency of the Republic of Slovenia. For seismic data 
processing to be effective, data to be comparable and equipment maintenance to be uniform, the 
equipment intended for seismic monitoring in the Krško Basin has been harmonised with that of the 
national seismic monitoring stations network. Seismic monitoring stations within the national network 
are linked to the data-processing centre in Ljubljana via the national computer network. Seismic data 
from monitoring stations arrive at the data-processing centre in real-time, where they are immediately 
automatically processed by two workstations, which also keep seismic records in a circular memory 
and notify seismologists of possible events. Every seismic monitoring station is (Figure 1) equipped 
with a broadband three-component sensor (Guralp CMG 40) of a frequency range between 0.033 Hz 
and 50 Hz. Seismic signal is converted to the digital form with the help of a 24-bit A/D transformer in 
a Quanterra Q730 datalogger. The signals are sampled at a frequency of 200 samples per second. The 
Q730 has a built-in GPS receiver to equip seismic data with accurate time, while communication with 
the central processing unit in the centre for data-processing in Ljubljana is enabled with a built-in 
Ethernet network card. Communication between the central processing unit and seismic monitoring 
stations occurs via TCP/IP protocol in the national computer network. Every monitoring station is 
connected to the national HKOM network with a rooter and a modem, while data transfer runs over a 
lease line. Q730 also contains a local memory unit where data is temporally stored in case of a transfer 
failure. Seismic monitoring stations are connected to 220 V. 
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FIG. 1. Schematic presentation of a seismic station. 

In the case of a failure, the datalogger and sensor are charged by an additional battery, whereas the 
communication equipment is charged by a constant charger. The data-processing centre is equipped 
with two SUN working stations running on Solaris operation system and Antelope software. Antelope 
is a modern software system intended for seismological systems operating in real-time and 
communicating on the basis of IP protocol. It provides real-time data acquisition, processing and 
manual and automatic analysis. One working station continuously receives data from seismic 
monitoring stations and preserves them in a six-day circular memory. The other working station 
carries out automatic preliminary processing of the data received and notifies the seismologist on duty. 
The event detector is based on a STA/LTA algorithm. The seismologist later corrects any necessary 
calculations and analyses the results. A DAT unit with a capacity of 72 GB is added for record storage. 
The working stations are synchronised. All units are connected to constant charging for the sake of 
undisturbed operation. 

4. Conclusion 

The construction of seismic network around Krško basin is a part of the development and 
modernization of the national seismic network. Slovenia belongs to more active territories judging by 
the number and power of earthquakes. The most exposed areas are the regions of the upper Soča 
Territory, Idrija, Ljubljana and Krško basins. 

The basic purpose of the modernization of the seismic network is to develope such a national network 
that would be capable of sending accurate and reliable earthquake parameters from any point within 
Slovenia in real time. 
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FIG. 2. A completed seismic station of the Krško seismic network. 

The Act of Modernization of Slovenian Seismological Network was confirmed by the Government of 
the Republic of Slovenia on April 12, 1998 after the earthquake in the upper Soča Territory. The 
modernization should be completed within 6 years. By the year 2004 the national seismic network 
should be consisted of 25 eartquake observation points that would continually send data into the data 
processing center and automatically compute basic earthquake parameters. 
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Abstract. Within the frame of IAEA project BUL0919 a new seismic monitoring system is installed on Unit 6 of 
NPP Kozloduy. The characteristics of the system allow implementation of integral approach for assessment of 
OBE exceedance. Based on probabilistic and deterministic analyses site specific criteria for OBE exceedance are 
proposed. A plan for pre and post-earthquake actions is developed. 

1. Introduction 

Ther is existing seismic instrumentation of Unit 5 and 6 (VVER 1000MW) of Kozlody NPP that is 
part of the safety systems for reactor scram due to seismic excitation. Each unit is equiped with two 
independent automatic seismic scram systems that are based on acceleration triggers mounted at the 
foundation slab. As known the modern concept for seismic instrumentation of NPP includs 
instrumentation on “free field” and on the entire structure. The main goals of such monitoring systems 
are to collect and analyze information about dynamic behavior of civil structures and equipment 
during seismic excitation as well as to deliver information for decision making about further actions of 
personnel – the post earthquake measures. The new seismic system is developed as parallel 
information system coexisting with the old automatic scram system. 

In order to implement the post- and pre-earthquake management ideas of USNRC [1] and [2] several 
preliminary tasks have to be fulfilled: 

• Installation of seismic monitoring system with ability to assess the OBE exceedance based on 
the integral criteria (not only on the maximum recorded acceleration); 

• Development of the plant specific criteria for OBE exceedance; 

• Development of the plant specific plan for post earthquake actions. This plan has to  include 
criteria for assessment of the plant post earthquake status as well as the instructions how to 
realize this assessment. The operative procedures how to manage the plant depending on 
assessed parameters of the seismic motion and observed post earthquake damages of the 
structures and equipment have to be included in this plan too. 

The new seismic monitoring and control system is implemented on Unit 6 of Kozloduy NPP. This 
activity is realized in the frame of project BUL9019 of IAEA. The seismic system is produced by 
GeoSIG, and the delivery of the hardware has been sponsored by the Agency. The installation of the 
system and development of procedures for analyses and system operation is performed by Risk 
Engineering Ltd. 

                                                      

1 Present address: CLSMEE, “Acad. G. Bonchev” str., Blok 3, Sofia 1113, Bulgaria  
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2. Description of the Seismic Monitoring System of Unit 6 NPP Kozloduy 

2.1. Function of the system 

The Seismic Monitoring System of Unit 6 of Kozloduy NPP is aimed to performe registration and 
documentation of the seismic motions at characteristic points of the building structure. The system is 
based on digital registration in real time of the absolute accelerations of the seismic motion at 
specified points. The seismic monitoring system together with the pertaining software allows the 
parameters of the seismic motion at the selected locations to be defined in short time. These 
parameters are maximal accelerations, the response spectra, the respective time histories and 
determination of CAV (cumulative average velocity). Based on them a detail description of the 
dynamic behavior of the structure can be done and an exceedance of the OBE can be estimated. 

2.2. Elements of the system 

The main elements of the system are: 

2.2.1. Three axial seismic sensor AC-23. 

The seismic sensor AC-23 is based on mass-spring “Geophone” element with electronic correction of 
the output signal. There are seven sensors in the system, all of them are with sensitivity of 1g. They 
are connected to recorders by shielded instrumental cables. The locations are determined according to 
ALARA concept and to meet the requirements of [3] and [4]. The location selection aims also to 
describe in an acceptable way the seismic motion at NPP site and the dynamic behavior of Reactor 
Building and Diesel Generator Station of Unit 6 of NPP Kozloduy. The particular locations are as 
follow: 

• Free field. One sensor is installed on separate concrete foundation. To avoid the surface 
industrial noise the foundation is 1.5 m deep and is surrounded by protective concrete shaft. 

• Foundation part of the Reactor building. Three sensors are installed to describe the seismic 
motion of the foundation part – two on the foundation mat at level –4.20 and one at the RC 
plate at level 13.20. The RC plate at level 13.20 is thick 2.30 m and is used as a foundation of 
the pre-stressed containment, auxiliary building and inner RC structure. The foundation part is 
very rigid structure and three sensors are sufficient to describe in details its spatial movement. 

• Pre-stressed RC containment. One sensor is installed at level 61.60 at the supporting ring 
connecting cylindrical vertical shell with horizontal dome 

• Inner RC structure. The function of this structure is to support the heavy equipment – 
reactor vessel, steam generators, main circulation pumps, etc. To register its behavior one 
sensor is installed at the upper level of the structure (main deck, level 36.90). 

• Diesel Generator Station. DGS is chosen as independent RC structure of Seismic category I. 
One sensor is installed on the foundation mat at level –4.10. According the requirements of [4] 
on the roof of DGS is located one additional stand alone seismic recorder type SSA-2. This 
accelerograph is not connected to the common processing computer of SMS and its records 
has to be processed separately. 

As Unit 6 and Unit 5 are identical only Unit 6 is instrumented and analysis results and alarm signals 
are diplayed in the control rooms of both units. 

2.2.2. Recording, data processind and alarm devices 

Recording, data processing and logic devices are placed in two cabinets, installed near to the Main 
Control Room of Unit 6. The recorders are 16 bit digital devices type SM-3-16 writing on removable 
PCMCIA RAM memory cards. The frequency of discretization is 200 Hz. The system generates 
alarms for earthquake occurrence, OBE excedance and for false opperation. The alarm information is 
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displayed on the alarm panel of the processing unit as well as on the two distant alarm monitors placed 
in unit 5 and 6 respectively. Additionally the alarm information is visualized on the panels of main 
control room of Units 5 and 6. The real time of the records is synchronized by GPS system. 

2.2.3. System logic 

The system recognizes the seismic event and starts recording of the accelerograms and data processing 
when two of the seven sensors have been triggered. The system has two regimes for data processing: 

• Express (real time) data processing – using the relatively rough but fast calculation method 
the system processes only the data from the free field sensor and determines if the OBE is 
exceedeed or no. For an earthquake with normal length (about 40 seconds) this determination 
takes about 5-6 minutes. 

• Detail data processing – using the most precious calculation method the system processes all 
the data and determines all final parameters of the seismic motion on the free field and other 
instrumented points. For normal length event this data processing lasts between three and four 
hours. 

2.2.4. LAN interface 

The processing computer of SMS is integrated into the plant Information system. The SMS is able to 
transfer through plant LAN the main results of seismic data processing – alarm signals and parameters 
of the recorded seismic motion (maximal accelerations, acceleration time histories, response spectra 
and CAV value) to the personnel responsible for the analysis of the earthquake parameters. Other 
operative personnel has “read only” access to the data concerning system status, alarm messages and 
maximal recorded accelerations in different locations. 

3. Definition of site specific parameters of OBE 

The procedure used in determination of OBE exceedance corresponds fully to the method described in 
[5] and is based on the comparison between: 1) Recorded and site specific response spectra referent 
for the sensor locations; and 2) recorded and site specific value of CAV(commulative absolute 
velocity). The CAV is calculated using only the acceleration time history of the “free field” sensor. 

3.1. Definition of referent response spectra at sensor locations 

The referent response spectra on “free field” for the Kozlody NPP site are developed about 10 years 
ago. The PGA is 0,2g and the acceleration repsonse spectra are flat between 0,6Hz and 10Hz. For all 
sensor locations referent in-structure acceleration and velocity response spectra are calculated and 
processed using procedures described in USNRC documents. 

3.2. Definition of site specific value of CAV 

Based on probabilistic and deterministic investigations the referent value of CAV for the Kozloduy 
NPP site is estimated 0.06 g*s. It is about 2,5 times lower than the value recommended by USNRS RG 
1.166. This difference could be argumented as follows: 

• Considerable dispersion of the seismic data; 

• Difference between European and US earthquake record data bases; 

• Unique features of Vrancea source zone that are able to generate low acceleration seismic 
excitations with high damage potential. 

That referent value of CAV can be reassessed in the future on the base of site specific records done by 
the new seismic monitoring system. 
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3.3. Definition of the region for the comparison between referent and recorded response 
spectra 

Due to the wide plato of the referent acceleration response spectra for Kozloduy NPP site (constant 
from 0.1 sec to 1.7 sec) in the site specific criteria for OBE exceedance the region for comparison 
between referent and recorded response spectra is defined as follows: 

• For the acceleration response spectra – from 0.5 to 10 Hz 
• For the velocity response spectra – from 0.4 to 2 Hz 

4. Plan for pre and post earthquake actions 

The developed plan for pre and post earthquake actions consists of the following main parts: 

• Definition of the character and the extension of necessary pre earthquake actions. These 
actions include: 1) Generation of a representative list of structures and equipment to be 
inspected during focused post-earthquake inspections; creating and updating a data base 
describing the pre-earthquake status of the structures and equipment; 3) Organization of teams 
for post earthquake visual inspections and analyses; 4) Clarification of the responsibilities for 
different type of post earthquake decisions. 

• Definition of post earthquake actions and analyses – immediate actions of the duty operators, 
different types visual inspections, functional tests and analytical reevaluation of structures and 
equipment; 

• Determination of the time limits for different type post earthquake actions; 

• Clarification of the procedure for documentation of the results of performed visual inspections 
and analyses. Generation of necessary documents and forms to be used during the inspections; 

• Description of the actions of the duty operators taking into consideration the assessed intensity 
of the seismic excitation and the behavior of the automatic scram system of the reactor. In 
dependence on these factors different post earthquake action are prescribed. 

• Clarification of the criteria for starting of different post earthquake inspections – focused 
inspections, extended inspections or full reassessment of the plant status (including functional 
tests and analytical investigations); 

• Fixing of the criteria for reactor shut down due to seismic reason and for the reactor restart 
after seismic shut down. 
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SAFETY SIGNIFICANCE OF NEAR FIELD EARTHQUAKES 
AN IAEA CO-ORDINATED RESEARCH PROGRAM 

 

 P. Labbé 

 International Atomic Energy Agency 

 
Abstract. The purpose of this paper is to introduce a Co-ordinated Research Program (CRP) of the International 
Atomic energy Agency (IAEA). The title of the CRP is: Safety Significance of Near Field Earthquakes (NFE). The 
rationale for such a CRP is the well-known technical finding that the usual engineering practices in seismic design of 
Nuclear Facilities result in a poor estimate of safety implications of near field earthquakes. This is clearly illustrated by 
experimental results (CAMUS experiment) that will be used in the frame of this CRP in order to conduct a benchmark on 
the damaging capacities of near field versus far field seismic inputs on a typical shear wall structure. It is expected that 
this research will result in a proposal for an evolution of the relevant engineering practices. 17 IAEA Member States are 
involved in this CRP, which is funded both by the IAEA and the European Union. 

 
1. Introduction 
 
1.1. Technical Background 
 
It is a well-known technical finding that the usual engineering practices in seismic design of Nuclear 
Facilities result in a poor estimate of safety implications of near field earthquakes. In some cases (small or 
medium magnitudes) the effects are unduly over-estimated while in other cases (large magnitudes) they are 
dangerously under-estimated. This issue is much more critical for existing nuclear facilities than for new 
ones. 
 
Recent developments in earthquake engineering, basically developed for non-nuclear facilities, provide tools 
to cope with this difficulty. The CRP aims to determine to what extent these developments can also be 
recommended for the assessment of nuclear facilities subjected to near field earthquake inputs. For this 
purpose the CRP is organized so that Member States share the most recent developments in earthquake 
engineering and that the basis of an appropriate engineering practice be established and described in an 
IAEA document. 
 
1.2. Inputs for the CRP 

 
The IAEA Member States (MS) were requested to inform the Agency about their available input suitable for 
the envisaged CRP. The answers were presented and discussed in December 2001, at a technical meeting 
held in Vienna, where 15 MS were represented. The delegates concurred on the selection of the following 
inputs: 

• Results of experiments on shaking table, with NFE-type inputs, provided by France, [1] & [2] 
• Database of NFE records provided by Japan, [3] 
• Assessment of the relevance of displacement based methods, provided by USA. [4] 
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1.3. Outlines of the CRP 
 

In the wake of the above-mentioned background, the purpose of the CRP is to focus on the assessment of the 
vulnerability of structures. Due to the available experimental input and to the specific rules related to site 
selection of NPPs, the considered NFE are related to low-moderate magnitude earthquakes. The specific 
objective of this CRP is to adapt for nuclear engineering and to use for the evaluation of the seismic 
vulnerability of nuclear facilities the best available engineering practices on near field earthquakes. In view 
of this objective, the purpose of the CRP is to: 

• Carry out a benchmark on NFE effects on a shear wall structure, 
• Concur on the principles of an updated engineering practice. 
 
 

346



 

 
 

FIG. 1 The CAMUS mock-up 
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2. Benchmark on a shear wall structure 
 
2.1. The CAMUS experiment 

 
The CAMUS experiment [1] consists of 2 similar shear walls, installed on a shaking table and subjected to 
horizontal seismic input motions. This is a mock-up at the scale 1/3 of typical shear walls (see Figure 1). The 
total mass of the mock up is: 36 tons (5 floors x 6 tons). The stress in a wall under static load is: 1.60 MPa. 
The main characteristics of the walls are as follows: height: 5.10 m (5 storeys x 0.9 m); length 1.70 m; 
thickness: 0.06 m 
 
Two types of input motions were used: the “Nice input” motion (artificial ground motion), representative 
of a far field motion, and the “San Francisco input” motion (natural ground motion) representative of a 
near field input. In the frame of the benchmark the outputs of the following 4 runs have to be interpreted: 
 

Run1 Run2 Run3 Run4 
Nice 0.24g San Francisco 0.13g San Francisco 1.11g Nice 0.41g 

 
Run1 can be considered as a typical design input motion. Runs 1 and 2 can be regarded as rather “low 
level” inputs. Runs 3 and 4 are damaging level inputs. However, as an illustration of the above 
“background situation analysis”, the core of the issue to be clarified by the CRP is the following one:  
 
According to the classical engineering approach (*), Run 3 was expected to be approximately 3 times 
more damaging (**) than Run 4. But this was not confirmed by the experiment (the damages induced by 
the two runs were comparable). Input motions of runs 3 and 4 and their response spectra are presented on 
Figures 2 to 4. 
 
(*) description of the input motion by its response spectrum, modelling of the structure as an elastic body, 
modal analysis … 
(**) for instance, the displacement at the top can be regarded as an indicator of damage. 
 
2.2. Interpretation of the experimental results 

 
The participants will: 
a) model the CAMUS mock-up and compute the response to the above mentioned input motions. The 

expected output will principally consist of: 
• displacements at the top of the walls, 
• bending moments and forces in the walls, 
• description of the damage in the walls (strains in R-bars, cracks, etc… according to the type of 

modelling used by each participant). 
b) carry out an interpretation of the experiment as per the engineering practice: 

• traditional response spectrum approach, 
• innovative approaches including the displacement based approach, and 
• discuss and clear up the predictive performances of these methods. 
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FIG. 2: Input motion of Run 3 

 

 

FIG. 3: Response spectra for Run 3 (left) and Run 4 (right) 
 

 
FIG. 4: Input motion for run 4 
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2.3. Japanese NFE inputs 
 

In a second step of the benchmark, the participants will carry out numerical simulations of responses to a set 
of seismic input motions (2 or 3 accelerograms, provided by Japan) representative of NFE and examine the 
outputs of engineering methods on these examples.  
 
The reference [3] presents a list of 13 recent events in Japan for which near field records are available. 
From this database, Yoshio Kitada proposes a first screening of the candidate input motions from the 
following earthquakes: 1995 Hyogo-ken Nunbu (Kobe) earthquake (Mw 6.9), 1997 Kagoshima-ken 
earthquake (Mw 6.0) and 2000 Tottori-ken Seibu earthquake (Mw 6.6). presented in the hereunder table 
from [3]. A second screening resulted in the selection of Gashyo Dam and Shin-Kobe Substation records. 
At the moment this paper was written, the selection of the Japanese input motions was not yet finalized. 

 
3. Expected evolution of engineering practices 
 
It is quite clear for most of the researchers involved in the analysis of NFE effects that the poor predictability 
capacity of the current engineering practice is related to the frequency content of the NFE inputs: relatively 
high frequencies that lead to relatively high accelerations, associated to relatively small displacements.  
 
Apart from the case of NFE, the respective roles played by accelerations and displacements in the classical 
earthquake engineering are questionable. In the last decade, several authors have proposed to replace the 
classical approach by a displacement-based approach. This topic was particularly developed at the 11th 
European Conference on Earthquake Engineering [5].  
 
The relevance of these new-developed methods for the case of nuclear facilities is discussed in the reference 
[4]. In the frame of this CRP, the specific case of the NFE, which is not addressed in this document, will be 
discussed. The objective is to concur on the main features of an appropriate methodology to realistically 
account for the effects of NFE and their safety significance. 
 
4. Organization of the CRP 
 
4.1. Participating Member States and Institutions 
 
The CRP was launched at a meeting held in Istanbul, 14-16 October 2002. At that moment 21 institutions 
from 17 Member States (Armenia, Bulgaria, Canada, China, France, India, Italy, Japan, Korea, Pakistan, 
Portugal, Romania, Russia, Slovakia, Spain, Turkey and USA) were involved in the CRP. During the 
meeting, 2 extra institutions expressed their interest for joining the CRP: the UK HSE and the US NRC. In 
between, Finland expressed also its interest. Institutions and team leaders are listed in the appendix. 
 
4.2. Funds and organizing committee 

 
The CRP is funded by the IAEA and by the European Union that supports institutions from MS candidates 
to the EU accession. A memorandum of understanding was signed in this regard between the IAEA and the 
European Commission. Developed countries fund their respective contributions. 
 
As well as the IAEA and the EU, France, Japan and USA, which have provided inputs to the CRP, are 
represented at the Organizing committee. There is also a representative of the participants and a 
representative of the OECD/Nuclear Energy Agency (NEA). (See the appendix) 
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4.3. Schedule 
 

The CRP was approved in the Agency at spring 2002 and the contracts/agreements with the MS were 
finalized before the above-mentioned kick-off meeting (Istanbul, 14-16 October 2002). Each participant is 
deemed to provide the Agency with an interim progress report by 1st September 2003. The participants 
should share the final results of the benchmark at a Research Committee Meeting, to be held at spring 2004. 
The conclusions in terms of engineering practices are expected to be drawn in 2004 and to be presented in an 
IAEA Technical Document. 
 
4.4. Co-operation with OECD-NEA  

 
The cases of small magnitude near field earthquakes were identified in a 1997 OECD/NEA report 
(NEA/CSNI/R(96)11) as “the most significant issue” in the field of engineering characterization of 
seismic input motion.  The IAEA activities in earthquake engineering are strongly co-ordinated with the 
NEA activities. The IAEA participates in the NEA working group and workshops dedicated to these 
questions, particularly in periodic workshops on “exchanges between seismologists and engineers”. The 
agenda and the venue of the last workshop were co-ordinated with the kick-off meeting of the CRP. 
 

ACKNOWLEDGEMENTS 
 
The IAEA acknowledges respective inputs from France Japan and the USA. Without these inputs it would 
not have been possible to organize this CRP. The author expresses his gratitude to Didier Combescure, 
Pierre Sollogoub and Yoshio Kitada for their very valuable contributions. 
 

 
REFERENCES 

 
[1] D. COMBESCURE IAEA “CRP-NFE CAMUS Benchmark, Experimental results and 

specifications to the participants”, report CEA/SEMT/EMSI/RT/02-047/A, 1-10-2002. 
[2] P. SOLLOGOUB and Al. In –plane seismic behaviour of several 1/3rd scaled R/C bearing walls – 

Testing and interpretation using non-linear numerical modelling; 12th World Conference on 
Earthquake Engineering, Aukland, 2000. 

[3] YOSHIO KITADA, “Near-field earthquakes observed recently in Japan”, Technical Committee 
Meeting of the IAEA CRP on Safety Significance of NFE, Istanbul, 14-16 Oct. 2002. 

[4] Y. K. WANG, C. A. MILLER, C. H. HOFMAYER, NUREG/CR-6719 “Assessment of the 
relevance of displacement-based methods”, July 2001. 

[5] Ph. BISCH, P. LABBÉ, A. PECKER Ed., Proceedings of the 11th European Conference on 
Earthquake Engineering, Paris 1998. 

 

351



APPENDIX: PARTICIPANTS AND ORGANIZING COMMITTEE 
 

Member State Institute Team leader or representative
Participants 
Armenia ANRA Mr. Paruyr Zadoyan
Bulgaria BAS Mr. Marin Kostov
Canada AECL Mr. Medhat Elgohary
China BINE Mr. Wei Liu
France CEA Mr. Pierre Sollogoub / Mr Christophe Pédron 
France INSA Lyon Mr. Pierre-Alain Nazé
France IRSN Mr. Nebojsa Orbovic
India AERB Mr. Prabir Basu
Italy Polyt. Di Milano Mrs Gabriella Mulas / Mr. Luca Martinelli 
Japan NUPEC Mr. Yoshio Kitada
Korea KOPEC Mr. Yong Il Lee
Korea KINS Mr. Chang-Hun Huyn
Pakistan PAEC Mr. Hamid Mahmoud
Portugal University Porto  Mr Rui Faria
Romania Univ. Bucharest Mr. Ovidiu Coman
Russia CTKI vibroseism Mr. Victor Kostarev
Slovakia SAS Mrs. Emilia Juhasova
Spain IDOM Mr. Francisco Beltran
Turkey TAEA Mr. Ayhan Altinyollar
Turkey METU Mr. Polat Gülkan / Mr. Ahmet Yakut
USA BNL Mr. Nikolaos Simos
Organizing Committee 
France CEA Mr. Pierre Sollogoub 
Japan NUPEC Mr. Yoshio Kitada 
USA NRC Mr. Andrew Murphy 
Turkey METU Mr. Polat Gülkan
IAEA Mr. Pierre Labbé
European Union Mr. Vito Renda
OECD/NEA Mr. Eric Mathet
 

352



IAEA-CN-106/07P 

TESTS ON REINFORCED CONCRETE LOW-RISE SHEAR 
WALLS UNDER STATIC CYCLIC LOADING 
 

 
 M. Bouchon1, N. Orbovic1, B. Fouré2 

1 Institut de Radioprotection et de Sûreté Nucléaire, France 

2 CEBTP – Centre de Saint-Rémy, France 

 
Abstract. This paper presents the results of three low-rise reinforced concrete shear walls tested under static 
cyclic loading. The objective of the campaign is to evaluate the geometry of cracks (length, width and crack 
spacing) during and after seismic excitation. All specimens have identical overall dimensions. The height, width 
and thickness are: 0.75 m, 1.50 m and 0.10 m. All walls are provided with the same boundary elements: 
columns, to prevent flexural failure prior to shearing distress in the walls and horizontal beams. The 
reinforcement arrangements and details are the same for all walls. The diameter of reinforcement bars is varied. 
The horizontal deflection was increased stepwise. Slowly applied lateral load reversals had three levels: the 
deflection was kept constant at each level during the measurement time. The first load level was calculated to 
achieve the beginning of cracks and the third level was just below the conventional capacity of the wall 
according to the French code. Only the third wall was loaded above this level, until its failure. The specimens 
were instrumented to measure horizontal and vertical displacements and the variation of the diagonal length of 
the wall. The crack pattern was photographed and crack widths were measured for each load level and in 
unloaded position. The bar extensions were measured on the third specimen which was pushed to its failure. The 
results allowed the characterisation of the crack pattern, the crack widths and the relation between the crack 
widths and the diagonal extension of the wall. Moreover, the seismic behavior of the wall was evaluated, 
especially the width of cracks and their spacing under cyclic loading. This evaluation was compared to the code 
models CEB-FIP 1990 and 1978. 
 
1. Introduction 
 
The Institute for Radioprotection and Nuclear Safety (IRSN) is a technical advisor of the French 
Nuclear Safety Authority (ASN) and its task is to assess the safety of French nuclear facilities. French 
nuclear facility buildings are mainly low-rise reinforced concrete shear wall buildings. This type of 
structural system shows very good seismic behaviour concerning earthquake resistance and structural 
stability, but from the nuclear safety standpoint, the level of containment after an earthquake of such a 
structure is also an important issue. This is the reason why The Institute for Radioprotection and 
Nuclear Safety has undertaken a testing program, with three low–rise RC shear walls, focused on the 
geometry of cracks (length, width and crack spacing). This paper presents the results of the first, 
mechanical part of the testing program. The mechanical tests were followed by the tests on air and 
aerosol leak tightness of the specimens. 
 
2. Test specimens 
 
All specimens had identical overall dimensions (Figure 1). The height, width and thickness are: 0.75 
m, 1.50 m and 0.10 m. All walls were provided with the same boundary elements. The columns 0.10 
m wide and 0.18 m thick were to prevent flexural failure prior to shearing distress in the walls. The 
horizontal beams with different heights, 0.29 m upper and 0.34 m lower and the same thickness of 
0.18 m are to fix the walls at the test set-up. 
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The mechanical characteristics of concrete were as follows: 
 

Specimen Age 
(days) 

compression 
fcj  (MPa) 

tension 
ftj  (MPa) 

ψ Eij  (MPa) k0 

N° 1 69 31.7 3.05 0.305 27 000 8 500 
N° 2 71 36.4 3.25 0.295 28 000 8 400 
N° 3 77 28.6 3.05 0.325 26 000 8 500 

 
The reinforcement arrangements and details were the same for all walls (Figure 2). The spacing of the 
re-bars in the walls was 0.10 m, in both directions. The diameter of reinforcement bars was varied. 
The specimen N°1 was reinforced with 6 mm (reinforcement ration 0.3%) , N°2 with 8 mm (ratio 
0.5%), and N°3 with 10 mm diameter deformed bars (ration 0.8%), in both directions. The columns 
were reinforced with 4 bars of 12 mm diameter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 

Figure 1 
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The mechanical characteristics of the re-bars were as follows: 
 

Re-bars 
(mm) 

εe1 
(*) 

(10–3) 
fe 

(**) 
(MPa) 

εe2 
(***) 

(10–3) 
fr 

(MPa) e

r
f
f  εr 

(10–3) 
φ 6 
φ 8 
φ 10 
φ 12 

2.5 
2.6 
2.6 
2.4 

585 
615 
620 
565 

4.9 
5,1 
5,1 
4,8 

610 
635 
655 
595 

1,04 
1,03 
1,06 
1,05 

 22 (****) 
 25 
 20 (****) 
 20 

(*)Limit of linear deformation (σa=Ea.ε) at about 0,85 fe 
 (**)Conventional elastic limit at 

0,2 % strain     (***) Deformation at σa=fe : εe2=2.10–3+fe/Ea      
(****) Important dispersions 

 
3. Test procedure and measurements 
 
Slowly applied lateral load reversals had three levels: F1, F2, F3. The horizontal deflection was kept 
constant at each level during the measurement time. The first load level was calculated to achieve the 
beginning of cracks and the third level was just below the conventional capacity of the wall according 
to the French code. A total vertical load of 160 kN, constant during the test, produced a stress in the 
wall of 0.96 MPa. The values of horizontal forces were as follows: 
 

Specimen F1  (Kn) F2  (kN) F3  (kN) Fu ultimate  (kN) 
 Calcu. test Calcu. test Calcu. test Calcu. test 

N° 1 

N° 2 

N° 3 

270 

270 

270 

304 

304 

304 

400 

450 

490 

400 

450 

490 

540 

645 

730 

550 

645 

687 

610 

740 

850 

–(*) 

–(*) 

+760/–853
 
Only the third wall was loaded above this level, until its failure. The failure of this wall occurred in 
one direction under the force of 853 kN or under the stress of 5.69 MPa. The measurements are 
undertaken for each load level in its +Fi and –Fi position and also in the unloaded 0 position. The 
specimens were instrumented to measure: the horizontal displacement (Figure 3), the vertical 
displacement, the drift, the variation of the diagonal length of the wall. Also, the crack pattern was 
photographed and crack widths were measured for each load level (±Fi) and in the unloaded position. 
The bar extensions were measured on the third specimen which was pushed to its failure. 

 
4. Test results 
 
The results allowed the characterisation of the crack pattern, the crack widths and the relation between 
the crack widths and the diagonal extension of the wall. This relation is not reliable for the low load 
level (F1) with just a few cracks. Under the load level F3 the cracks were extended enough to establish 
a correlation between the cracks width and the diagonal extension of the wall. Nevertheless, the 
formula (1) overestimates the crack width w due to the existence of very fine cracks that were 
neglected. 

(1) 
moycos.n

w
ϕ

∆=  
   ; wℓ – mean crack width, ∆ℓ - diagonal extension, n- number of cracks,  φmoy =  

θmoy - 27°; φmoy – mean angle between the crack and the normal direction on the diagonal,  θmoy –mean angle 

between the crack and the vertical direction. 
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Speci. Force n θmoy  
 

(°) 

ϕmoy 
 

(°) 

∆   
test (mm) 

wmoy 
calcul. 
(mm) 

wmoy  
test (mm) calcul

test
 

N° 1  F1 
 –F1 
 F2 
 –F2 
 F3 
 –F3 

2 
1 
2 
2 

3 
6 

49 
45 
47 
46 

48 
53 

22 
18 
20 
19 

21 
26 

0,06 
0,08 
0,32 
0,46 

1,33 
1,70 

0,03 
0,08 
0,17 
0,24 

0,47 
0,32 

– 
0,04 

– 
0,08 

– 
0,15 

 
0,50 

 
0,33 

 
0,47 

N° 2  F1 
 –F1 
 F2 
 –F2 
 F3 
 –F3 

1 
1 
3 

3 ou 4 

4 à 6 
4 à 6 

53 
45 
52 
55 

54 
56 

26 
18 
25 
28 

27 
29 

 0,01 ? 
 0,01 ? 
 0,58 
 0,47 

 1,92 
 1,28 

0,01 ? 
0,01 ? 
0,21 

0,18 ou 0,13

0,54 à 0,36 
0,37 à 0,24 

– 
0,02 

– 
0,10 

– 
0,12 

 
– 
 

~0,65 

 
~0,40 

N° 3  F1 
 –F1 
 F2 
 –F2 
 F3 
 –F3 

1 
1 

3 + ? 
7 

8 + ? 
9 + ? 

56 
55 
54 
52 

55,5 
51,5 

29 
28 
27 
25 

28,5 
24,5 

0,11 
0,19 
1,12 
1,11 

3,21 
2,25 

0,13 
0,22 

≤0,42 
0,175 

≤0,46 
≤0,27 

– 
0,06 

– 
0,16 

– 
0,11 

 
0,27 

 
0,91 

 
≥0,41 

 
5. Conclusion  
 
The width of cracks and their spacing were evaluated for low-rise shear walls under horizontal 
loading. The main difficulty is that current codes such as the French code BEAL91 or the CEB-FIP 
codes do not offer an analytical model to evaluate the geometry of the cracks under shear forces. 
Moreover, it is necessary to take into account the interaction between the shear and the flexion. This 
interaction depends on the aspect ratio of the wall. The code models were developed with an 
assumption of complete decoupling of the flexion and the shear under Ultimate Limit State. This is not 
sufficient to evaluate the geometry of cracks under lower loading levels. The only way to evaluate the 
stresses in the re-bars is the measurement of the re-bars strain. 
 

 
 
 
 
 

 
 
Horizontal re-bars, ε = 1,2 à 2.10-3, σs,max = 240 à 400 MPa, Vertical re-bars, ε = 1,0 à 2.10-3, σs,max = 
200 à 400 MPa. The measurements at the level F1 allow the evaluation of the stresses just after the 
first crack. If we compare with the level F3 we can estimate that σsc/σs,max  (first crack stress/ maximal 

stress) is about 0.35. Hence, after CEB/FIP formula: ≈
σ

≈ε
s

max,s
sm E

87,0 1,04  to  1,74.10–3 for 

Gages  F3 –F3 

Horizontal centr. 2,05.10–3 1,15.10–3

Vertical centr. 1,95.10–3 1,35.10–3

Vertical diag. North 1,65.10–3 1,4.10–3 

Vertical diag. South 1,45.10–3 1,0.10–3 

Gages F1 –F1

Horizontal centr. 0,45.10–3 –
Vertical centr. 0,55.10–3 0,60.10–3

Vertical diag. North 0,85.10–3 – 
Vertical diag. South – –

356



wx ≈ 0,22 à 0,37 mm, wy ≈ 0,14 à 0,29 mm, ( ) .mm23,0à12,0sinwcosww yx2
1 ≈θ+θ=  These 

values are in accordance with the measured value of 0,11 mm. 
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horizontal re-bars and 0,87  to  1,74.10–3 the verticals. If we take the measured value of crack spacing 
of  130 mm and the mean angle of θ = 51,5°, the spacing in the horizontal and vertical direction is:  sx 
=  f/cos θ ≈ 210 mm,  sy =  f/sin θ ≈ 165mm  
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ULTIMATE SEISMIC LOADING TEST ON RC SHEAR WALL BY 
APPLYING MULTI-AXES DYNAMIC LOADS 
 

 
 Y. Kitada, K. Kusama, S. Oguri 

 NUPEC (Nuclear Power Engineering Corporation), Tokyo, Japan 

 
Abstract. In the current seismic design of nuclear power plant (NPP) buildings in Japan, seismic design loads in 
the two orthogonal, horizontal directions are obtained independently by seismic response analyses, whereas 
actual seismic forces jolt the buildings in three directions simultaneously. Therefore, it is important to grasp the 
seismic response characteristics of an NPP building for three-dimensional earthquake excitation up to the 
ultimate state of the building to evaluate the seismic margin properly.  Nuclear Power Engineering Corporation 
(NUPEC) has therefore been conducting a project entitled "Model Tests of Multi-Axis Loading on RC Shear 
Walls" since 1994 to clarify the effects of multi-directional forces on the ultimate strength of reinforced concrete 
(RC) seismic shear walls under multi-directional seismic loading conditions. The paper introduces outlines of the 
whole project and currently on-going dynamic loading test. 

 
1. Introduction of Whole Project 
 
In the test, we firstly accumulate the static and dynamic test data by performing the multi-directional 
loading test, and secondly we study the evaluation method of restoring force characteristics of an RC 
seismic shear wall subjected to multi-directional dynamic seismic loads. 
 
Figure 1 shows an outline and schedule of the project of "Model Tests of Multi-Axis Loading on RC 
Shear Walls". As shown in the figure, the project consists of a series of five tests. Four of them already 
completed are the element test for the RC shear plates [1][2], diagonal loading test for box type RC 
shear walls [3][4], the simultaneous horizontal and vertical loading test for the box type RC shear 
walls, and the simultaneous horizontal two axis loading test for the box type and the cylinder type RC 
shear walls [5][6].  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 An Outline And Schedule of The "Model Tests of Multi-Axis Loading on RC Shear walls"
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The final test, which is currently on going, is the dynamic loading test for box type and cylinder type 
RC shear walls. The dynamic loading test of box type RC shear walls had already completed and the 
test for cylinder type RC shear wall will be done in June 2003. 

 
2. On-going Dynamic Loading Test 
 
Figure 2 is a scene of the dynamic loading test for a box type RC shear wall. The specimen consists of 
four face shear walls having a dimension of 1.5m by 1.5mm in plan, 1.0m in height and 75mm in 
thickness. Total weight of the specimen is 789kN including the lead weight of 617kN, RC floor slab of 
123kN and the upper RC slab of 38.5kN. In this test, we have applied an earthquake–like 
three-dimensional dynamic load to the specimen using the three-dimensional shaking table equipped 
in the Public Works Laboratory in Tsukuba city, Japan. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. A Scene of The Shaking Table Test for Box-Type RC Shear Wall 

Fig. 3. Three Dimensional Input Motion for Dynamic Loading Test of RC Shear Walls 

NS Direction EW Direction Vertical Direction

Time(sec) Time(sec) Time(sec) 
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Figure 3 shows the motions being applied to the shaking table as for three directional components of  
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In the IAEA symposium, one of author will explain the outlines of these tests and some of test results 
together with the knowledge accumulated up to the present. 
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Fig.5. Final Appearance of A Box Type RC Shear Wall After Ultimate Dynamic Loading Test Run
(RUN6) 

Face A Face B 

Face C Face D 

361



IAEA-CN-106/37P 

 

A NEW METHOD FOR ESSENTIAL REDUCTION OF SEISMIC 
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a CKTI-Vibroseism, St-Petersburg, Russia 

b AtomEnergoProject, St-Petersburg, Russia 

 
Abstract. A new method of essential decreasing of floor response spectra is proposed in the paper. The design 
considers interconnection of main structures inside NPP containment by High Viscous Dampers (HVD). In result 
within the same ZPGA level of a reference earthquake or the same intensity of other than seismic external loads 
the acceleration range of floor response spectra could be dropped in factor 2 to 3 or even more depending on a 
number of installed damping devices. That way an essential decreasing of dynamic loads on structures, systems 
and components (SSC) could be achieved. Another important advantage of the actual proposal consists of 
eliminating of possible interactions and collisions in the gaps between buildings: Reactor, Turbine and Hot Cell. 
Dynamic analysis of the Reactor Building System with proposed design was undertaken and results are 
presented in the paper. An accurate 3D Finite Element Model of PWR Reactor Building were investigated and 
comparative analysis results for the systems without dampers and with dampers were obtained. The proposed 
decision could be relatively simply implemented in design of a new Nuclear Plants as well as for existing one 
and upgrade its seismic, wind, blast and other kind of external event capacities. 

1. Introduction 

It is well-known that protection from seismic, tornado, blast and other kinds of external events brings 
to the design essential increasing of primary cost of the Nuclear Power Plant. According to 
investigations of John D. Stevenson the overall cost of external event design and upgrading measures 
could reach 15% of initial cost of a plant for a high intensity seismic zones. For the typical 1000 MWt 
PWR Unit the total cost of external event upgrading starts approximately from $50 millions for ZPGA 
level of 0.1 g to $150 millions for ZPGA 0.35 and higher. This additional cost is mainly connected 
with engineering efforts and especially with a reinforcement and fixing of thousands of safety related 
SSC rather than with building structures of a plant which number is usually limited by 10 [1]. 

The proposed idea consists of using of special aseismic devices, namely HVDs, not for fixing each 
system, component, piping inside containment but for initial decreasing of seismic input and external 
event hazard for all elements of reactor building. This approach could bring essential cost benefit in 
comparison with rigorous efforts for providing necessary dynamic capacity of each safety related SSC. 

2. Response spectra drop on example of typical pwr reactor building 

Dynamic seismic analysis for calculation of in-structure response spectra (RS) was carried out for the 
reactor building of the existing PWR nuclear power plant (NPP) of VVER-1000 type. Using the finite 
element approach (FEA) with the help of modeler FEMAP (EDS, USA) detailed model of the 
considered reactor building was developed. General view of the model section is given in Fig.1. 

With the help of THSpec Software (Stevenson & Co, Romania) single component artificial ground 
time history acceleration (TH) was synthesized on a basis of standard generalized ground spectra from 
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Guideline NP-031 [2]. This acceleration has duration of 25 s, time step of 0.01 s, maximal value of 0.1 
g and meets requirements of [2, 3, 5]. Dynamic analysis was undertaken using FEA solver SOLVIA-
99.0 (Solvia AB Engineering, Sweden) by time history direct integration procedure. 

 

Fig. 1. General view of the reactor building 
model section 

Table 1. Parameters of the soft soil site of the reactor 
building 

 

 

Two types of soil base were considered. The first one was rock base and the second one was soft soil 
base. The parameters of the second one are given in Table 1. They correspond to the site of one of 
existing NPP of VVER-1000 type with very soft soil to show anticipated results in full range of soil 
conditions. It should be underlined that consideration of soil base jointly with the main structure 
dramatically changes the mode shapes and eigenvalues of the system. Natural modes shapes with 
largest participation factors for global Y-direction and rock base are represented in Fig. 2-3. For global 
X direction natural mode shapes keep the same character as for Y direction. Corresponding 
eigenvalues are 3.11Hz and 5.04 Hz for rock base. The additional main natural mode with frequency 
of 1.27 Hz appears for the case of soft soil base. It is given in Fig.4. It is obvious for the main modes 
existing of essential relative displacements between Containment and Reactor Island that gives a base 
for the main idea  of proposed design. 

   

Fig. 2. Natural mode shape. 
Frequency 3.07Hz. Rock base 

Fig. 3. Natural mode shape. 
Frequency 5.20Hz. Rock base 

Fig. 4. Natural mode shape. 
Frequency 1.27Hz. Soft soil base 
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The reactor building structure consists of three main parts: foundation structure, containment and 
internal structure – nuclear island. The two last ones are parallel independent systems located on the 
common foundation structure. Mass relations for the considered parts are given in the Table 2. 

In proposed solution the HVDs are distributed on the perimeter of the upper deck of Reactor Island, 
see Fig. 5 and 6. The overall size of one HVD is 800x800x900 mm that allows freely locate dampers 
at the upper deck with necessary number. In Fig 7 is shown the sketch of damper installation. The 
number of HVDs in the current analysis was varied from 15 to 90 units. 

The rock base analysis results without dampers and with 45 and 90 units of HVD are shown in Fig. 8-
10. Fig. 8 presents spectra at the upper deck of the Reactor Island. In result of dampers installation the 
maximal spectral acceleration dropped from 32.5 m/s2 to 17.4  or 1.9 times on the characteristic 
frequency 5.0 Hz and 1.8 times on the frequency 10.0 Hz. For the Primary Pump elevation the 
maximal spectral acceleration dropped 1.8 times on the characteristic frequency 5.0 Hz. For the 
reactor supports elevation the maximal spectral acceleration dropped 1.7 times on the characteristic 
frequency 5.0 Hz. 

Table 2. Masses of the main structural parts of the 
reactor building 

STRUCTURE MASS, kg 
Containment 3.6e+7 
Internal Structures 3.3e+7 
Foundation structure 4.1e+7 
Total Building 1.1e+8  

 

Fig. 5. Distribution of dampers at the upper 
deck of Reactor Island (horizontal plane) 

  

Fig. 6. Distribution of dampers at the upper deck of 
Reactor Island (vertical plane) Fig. 7. Sketch of dampers’ installation 

Thus installation of HVDs on the upper deck of RB brings essential decreasing of seismic acceleration 
input on systems and components as well as on structures itself located on a rock or stiff enough soils. 
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The drop of acceleration is approximately equal to one level of MSK-64 seismic intensity scale and 
influence totally on whole reactor building system. 

The results of dampers influence installed at the same position for the very soft soil conditions are 
shown in Fig 11. Consideration of this case has brought less effectiveness of dampers but still 
valuable. 
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Fig. 8. Response Spectra at the upper deck of the 
reactor island. Rock base 

Fig. 9. Response Spectra at the reactor elevation. 
Rock base 
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Fig. 10. Response Spectra at the main cooling 
pumps elevation. Rock base 

Fig. 11. Response Spectra at the upper deck of 
reactor island. Soft soil base 

 
3. Conclusions  

The new approach for essential decreasing of external events’ loads on SSC was proposed. Using of 
HVDs for interconnection of structures in the Reactor Building gives up to 1.9 drop of maximal 
spectral acceleration that is equal approximately to one grade lowering of seismic excitation intensity 
on structures, system and components. 
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DETERMINISTIC AND PROBABILISTIC FLOOR RESPONSE 
SPECTRA 
 

 
 A. Paskalov 

 IZIIS, University “St. Cyril and Methodius”, Republic of Macedonia 

 
Abstract. The paper presents a comparative study for computing floor response spectra (FRS) for complex 
structures. For the purpose of validation and evaluation of the methods for practical application, a systematic 
comparison of two concepts, classical deterministic and probabilistic, was carried out at an example of a NPP 
structure. The deterministic method utilizes time history analyses compatible with the prescribed design response 
spectrum. The probabilistic method uses an analysis of random vibrations for defining the probabilistic FRS 
influenced by random seismic soil movement. The seismic input is a power spectral density function (PSDF) 
compatible with the design response spectrum. The probabilistic approach based on PSDF provides satisfying 
FRS with far less effort and time consumption needed for calculation. 
 
1. Introduction 
 
The floor response spectra are of primary importance for seismic qualification of the secondary 
systems at NPPs. In current practice it is customary to use deterministic method for floor response 
spectra generation [1]. This method is, in general, methodologically not rational and expensive, since 
it utilizes time histories compatible with the design response spectra and it doesn’t account the 
randomness of the seismic movement of the soil. Alternative is the probabilistic method utilizing 
random vibration analysis for calculation of the FRS from a seismic effect. This method directly 
generates FRS for different levels of confidence from the target power spectral density function 
without conducting time history analyses. Although the probabilistic method enables direct generation 
of the FRS, it is not widely spread, due to the fact that the seismic motion still in practice is defined 
using the deterministic design response spectrum. The reasons are the long-lasting researches with the 
aim to define the response spectrum as a basic characteristic of the soil movement, as well as the 
currently used deterministic methods widely spread in the engineering community. 
 
2. Deterministic approach 
 
The restrictions and the lack of real earthquake records for dynamic time history analyses brought to a 
use of simulated artificial earthquake records. A frequent model for calculation of artificial 
earthquakes is the superposition of sinusoidal components with random phase angles, i.e., the 
amplitudes are calculated using Fourier spectrum or power spectral density function of the motion. To 
calculate artificial time histories, which resemble realistic earthquake excitation records, a modulation 
(intensity) function is used. Recognising the earthquake as transient stochastic processes, numerous 
mathematical simulation models have been proposed [2]. To stimulate the transient character of a 
realistic earthquake, steady-state motions are multiplied by modulation (intensity) envelope function 
I(t). The final simulated artificial motion Z(t) becomes: 
 

 ( ) ( ) ( )∑ +=
=

n

1i
iii tsinAtItZ φω  

where Ai is an amplitude and φi is a phase angle of the ith sinusoid of participation. 
 
 

366

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Nein     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: AbbrechenEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Ja     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Error     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile (‹ñI)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket true     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages false     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 1200     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



 

3. Probabilistic approach 
 
Probabilistic analysis techniques provide rational procedures for the determination of structural 
response, since the uncertainties involved in defining earthquake motions are properly accounted for. 
If a random process models an earthquake, it is possible to interpret the associated response spectrum 
in terms of the statistics of extreme values of the oscillator response to the process. For a stationary 
earthquake model this interpretation leads to a relationship between the PSDF of the process and the 
response spectrum. Although considerable attention has been devoted to developing design response 
spectra and their use in response analysis of structures, the determination of these spectra involves a 
statistical processing of the responses of a simple oscillator to a wide variety of earthquake 
accelerograms. The response spectrum thus bears a direct relationship to the stochastic process 
defining the earthquake motions. A stationary model of the earthquake acceleration process is assumed 
in order to determine the PSDF of the process from the associated response spectrum. The following 
equation provides an explicit relationship between the power spectral density function f(ω) of the 
earthquake acceleration process and its response spectrum R(ω) [3]. 
 

 ( ) ( ) ( ) ( )












 −−−= r

T
Rf 1lnln22 2

ω
πωπωξω  

where:  ω - natural frequency, r - probability of exceedence, T - finite duration of ground shaking. 
 
 The random vibration analysis is used for linear elastic systems when subjected to a random 
excitation. The base excitation used in the analysis is assumed to be stationary, Gaussian process with 
a mean value of zero and one-sided power spectral density function G(ω) vs. frequencies associated 
with the base motion (Fig. 1). 
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Fig. 1   One-sided power spectral density function (7% damping) 

 
4. Testing example 
 
A NPP structure for calculating floor response spectra was selected, for which a 3D FE model was 
generated. Particular attention was dedicated to a detailed and precise model generation. The NPP is a 
reinforced concrete structure with a prestressed concrete containment. The mathematical model (Fig. 
2) consists of 46688 FE shells, beams and springs and 26725 nodes. The foundation slab is supported 
on six componential springs (three translations and three rotations). The springs simulate the soil-
structure interaction effect merely for academic purposes. 
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Fig. 2   FE model of the selected NPP 

 

Several characteristic points in the reactor building were selected for output (Fig. 3). 

 

 
Fig. 3   Disposition of the selected points points 

 
For both methods the seismic input was defined as design response spectrum (Fig. 4). 
. 
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Fig. 4 Design response spectrum (7% damping) 

 
For the deterministic method 10 artificial acceleration time histories scaled to 1g were generated, with 
time span of 30sec, using a trapezoidal modular (intensity) function. Then they were used as 
excitations to the FE model, which was subjected to ten separate response analyses. In the predefined 
points, the three-directional time history responses were calculated. From these responses, the 
corresponding response spectra were calculated using a simple SDOF system with constant damping 

368



 

of 7%. The mode superposition method was used to uncouple the equations of motion, followed by the 
Wilson-Θ step-by-step integration method to evaluate the response of each mode. The Square-Root-
Sum-of-Squares (SRSS) method was used to calculate the total response of the structure [4]. For the 
probabilistic method a compatible power spectral density function was calculated which was applied 
as an excitation. The model was subjected to only one response analysis and in each of the predefined 
points three-directional response PSDF were calculated. From these PSDF the response spectra were 
calculated using an inverse formula. For the probabilistic analysis the uncorrelated standard method 
for complex analysis (Gauss integration scheme) was used [4]. The comparison of FRS calculated 
with both deterministic and probabilistic method contributed to the understanding the level of 
uncertainties implemented in the procedures for calculation of the response spectra. It should be 
emphasized that the uncertainties embedded in the FRS as a result of the presentation of the physical 
system with a mathematical model are the same for both methods. During the generation of the FRS 
uncertainties exist from the input parameters. The calculated floor response spectra appropriately were 
compared to get an insight into the capability and speed of the probability method. For the selected 
points 2501 and 6400 the ten floor response spectra calculated by the deterministic approach (thin 
lines) along with the one floor response spectrum calculated by the probabilistic approach (thick red 
line) are plotted (Fig. 5). The agreement is very satisfactory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 5  Comparison of the three-directional response floor response spectra (points 2510; 6400) 
 

5. Conclusions 

The probabilistic method for determination of floor response spectra can be successfully and 
efficiently applied for complex structures. The comparison of the floor response spectra calculated by 
the deterministic and the probabilistic approach shows an excellent agreement of the results in the 
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middle frequency range from 0.25 to 10 Hz. Outside this range, the deterministic approach gives more 
conservative results. In the earthquake engineering codes PSDF is already used alternatively to the 
design response spectrum. In future, the researches of soil motions during strong earthquakes with 
certainty will result with determination of PSDF directly from basic data (seismology, geology, 
seismic hazard) from which the response spectrum is determined. With ongoing investigations of the 
soil motions and a better compatibility of PSDF and response spectrum at a broader frequency range, 
the probabilistic method will gain primary importance for the generation of floor response spectra. 
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BUILDING 
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Abstract. This paper deals with the verification of the general assumption used in dynamic analysis of 
equipment under a seismic excitation — assumption about uncorrelated components of in-structure response 
accelerations (RA). With the help of examples of seismic dynamic analyses of two reactor buildings (VVER-
1000) the violation of such assumption is demonstrated. The reasons for appearance of RA components’ 
correlation and importance of this effect are discussed. 

1. Assumption about statistic independence of RA components in seismic analysis of 
equipment 

According to Russian standards [1] and international practice [2, 3, 4], consideration of seismic 
excitation is obligatory for nuclear power plant (NPP) design. Moreover, for new NPPs the peak 
seismic ground acceleration should not be less than 0.1 g [1, 3]. 

A seismic excitation received by a structure can be defined by earthquake ground motion. Usually a 
ground acceleration time history is used for this. One of the main characteristic features of a seismic 
motion is its probabilistic nature. On the basis of numerous earthquake records, it is determined that 
ground acceleration time history components are nearly statistically independent [5, 6]. To measure a 
statistic dependence of acceleration components the correlation coefficient rij defined below is usually 
used: 

)(
))((

ji

jjii
ij ss

mxmxE
r

−−
= , i,j = {x,y,z}, i≠j, 

where E is the operator of mathematical expectation , mi and mj are means of random variables xi and 
xj, si and sj are their mean square deviations. According to [1, 2] correlation coefficient of ground 
acceleration components should be less than 0.3. 

Seismic analysis of equipment can be carried out jointly with a main supporting structure such as a 
building. But often it is fulfilled separately by using seismic RA calculated at the in-structure bearing 
points. 

According to Russian and American standards [1, 2] and recommendation of IAEA, dynamic analysis 
of equipment subjected to a seismic excitation can be carried out by time history integration or by 
response spectrum analysis (RSA). In the first case, seismic calculated RA and response displacements 
(for multisupport units) are used as the seismic load. In the second case, response spectra are 
calculated on the basis of RA. Here the assumption of statistic independence of RA components is 
traditionally used [6]. Additionally often RA can be calculated through synthesis of artificial 
accelerations based on some generalized response spectra. According to [2] it is necessary to 
synthesize artificial RA with components’ correlation coefficient lesser than 0.3. 
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Thus, in dynamic analysis of equipment subjected to seismic excitation the assumption of statistic 
independence of RA components is often used. But three statistically independent components of 
ground motion are transmitted through the same elastic system (main structure with a soil base) and 
may be modified en route. Therefore, the assumption of the statistic independence of in-structure RA 
components should be verified. 

2. Verification of assumption about statistic independence of RA components under 
seismic excitation 

To calculate correlation coefficients of RA components, dynamic analysis was carried out for two 
NPP reactor buildings. For this purpose the finite element approach (FEA) was used. With the help of 
a FEA modeler FEMAP (EDS, USA) comprehensive mathematical models of the buildings were 
created. Generally the models consisted of beam and shell elements as the main element types. 

To define seismic excitation, the 3D synthesized artificial acceleration satisfying requirements of [1, 2, 
3] was used. The horizontal acceleration components were scaled to peak ground acceleration of 0.25 
g. Vertical one had the absolute maximum acceleration of 0.17 g. Accepted acceleration had the time 
duration of 30 s, time step increment of 0.01 s and correlation coefficients rXY = −0.02, rXZ = −0.14, rYZ 
= 0.01. Dynamic analysis of buildings was fulfilled using the FEA solver SOLVIA-99.0 (SOLVIA 
Engineering AB, Sweden). Modal superposition technique and time step integration was used. 

The section of first reactor building considered in analysis is shown on Fig.1. Seismic dynamic 
analysis has shown that for this building and its real soil conditions RA correlation coefficients 
changed within the following limits: -0.20≤rXY≤0.14, -0.77≤rXZ≤0.73, -0.71≤rYZ≤0.73. The distribution 
of coefficient rXZ on building is represented on Fig. 2. It can be noticed that correlation coefficient of 
two horizontal RA components in internal points of structure remains less than 0.3. But the correlation 
coefficient for vertical and any horizontal RA components reaches large values. The reasons for this 
will be discussed below. 

  

Fig. 1. Section of the reactor building model Fig. 2. Distribution of correlation coefficient rXZ 

Same dynamic analysis was also applied to another NPP reactor building. General view of the model 
of this second reactor building is given in Fig.3. For this reactor buildings three types of soil base were 
considered with density of 2000 kg/m3, Poisson ratio of 0.4 and shear modulus G= 1.3e+8 N/m2, G= 
8.0e+8 N/m2, G = inf. As a result of dynamic analysis RA correlation coefficients were calculated for a 
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few selected characteristic points. These points are shown in Fig.4. In Fig. 3 the distribution of RA 
coefficient rYZ is represented for the rock base (G = inf). 

Maximal RA correlation coefficients in selected points are given in Table 1 for all considered soil 
types. These results show that RA correlation coefficients can take on values up to 0.5 - 0.7. 
Therefore, in-structure RA components could not be treated as statistically independent. 

Table 1. Absolute maximal values of RA components for specified points 

Point rXY rYZ rYZ 

1 0.70 0.59 0.62 

2 0.53 0.43 0.46 

3 0.51 0.15 0.24 

4 0.53 0.17 0.24 

5 0.56 0.69 0.63 

 

Fig.3. The reactor building model. Distribution of 
correlation coefficient rYZ 

Fig.4. Specified points to calculate RA correlation 
coefficient 

 

3. Reasons for statistical dependency of RA components under seismic excitation 

The example of the first building under consideration clearly manifests an absence of statistical 
dependency of RA, due to its almost axially symmetric structure. On the other hand, pairs of RA 
components X  Z and Y  Z can be strongly correlated. This can be attributed to the soft soil base 
of the building. Due to the fact that the building can rock substantially in vertical planes, the points, 
located far from vertical plane of symmetry, can experience strong vertical motion. The appearance of 
RA correlation is also possible for points on flexible walls and slabs. 

The second building under consideration has a strong correlation of RA horizontal components for 
internal containment structures. These structures have unsymmetrical shape and principal inertia axes 
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that do not lie in vertical plane of symmetry of the whole building. The same can be said about the 
pairs of vertical and horizontal RA components subjected to seismic rocking of the building. 

To generalize given results, the following conclusion can be made  appearance of strong statistical 
dependencies of in-structure RA components is possible when the seismic excitation along one global 
axis can produce strong structure response in another global axis. 

4. Consideration of statistical dependency of RA components under seismic analysis of 
equipment 

Strong statistical dependency of RA components signifies that maximum values of seismic response of 
equipment to each of these components happen almost at the same time instance. As a result the usual 
implementation of SRSS rule in RSA or using of uncorrelated synthesized artificial RA components 
lead to non-conservative results. 

This non-conservatism of results can be demonstrated with the help of a boundary case of full statistic 
dependence of RA components. Under this condition if the response to each RA component equals to 
R then total response reaches 3R instead of 3R , which is the total response value according to RSA 
with SRSS-rule. Indeed, usually for real system even with a strong correlation of RA components the 
difference is not so large. However, this example shows that neglecting this correlation can bring to 
non-conservative results. 

It should be noted that the buildings considered in this work are almost symmetrical and rather rigid. A 
larger correlation of RA components can be expected in more flexible buildings such as turbine halls. 

5. Conclusions 

The examples of dynamic analyses of two reactor buildings have demonstrated that the assumption of 
uncorrelated components of seismic response acceleration is not always appropriate. That assumption 
can cause non-conservative evaluation of seismic response for general in-structure equipment. 

Zones of structure with large statistic correlation of RA components can be determined during 
dynamic seismic analysis. For conservative analyses it is reasonable to use absolute summation rule 
for combination of responses to different spatial RA components in these zones. 
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Abstract. The results of recent seismic hazard analysis for Korean nuclear power plant sites indicate that the 
ground motion response spectra have relatively large high frequency acceleration contents. So the effects of high 
frequency spectral acceleration contents should be considered in the seismic fragility analysis of nuclear power 
plant components sensitive to the high frequency ground motions. The effects of input response spectrum shape 
on the floor response spectrum were investigated by performing the direct generation of floor response spectrum 
from the ground response spectrum. From the results of this study, it was observed that the floor spectral 
acceleration in the high frequency region was greatly amplified in the stiff structures. To incorporate the high 
frequency ground motion effects in the fragility analysis, the safety margin of the floor response spectra should 
be considered rather than the ground response spectrum shape factor. 

1. Introduction 

The ground response spectrum for evaluation should be defined to perform the SPRA and SMA. The 
standard response spectrum proposed by US NRC [1] have been used for the analysis and design of 
NPP structures and equipments in Korea. The direct application of this spectrum to Korean NPP can 
cause conservatism or non-conservatism in seismic design.  

The probabilistic seismic hazard analysis (PSHA) for most of the Korean NPP sites has been 
completed. Based on the PSHA results, it is possible to develop the uniform hazard spectrum (UHS). 
The uniform hazard spectrum that was developed for example Korean NPP sites using the available 
PSHA results shows the large spectral acceleration in the high frequency region.  

In this study, the high frequency seismic effects on the floor response spectrum were investigated by 
comparing the floor response spectra for a typical containment building. The direct generation method 
is used for the generation of floor response spectra. Based on the results of this study, the seismic 
fragility analysis method is proposed to consider the high frequency seismic effects. 

2. Seismic fragility analysis of NPP components 

For the fragility calculation of structures, the realistic seismic capacity is calculated using the factor of 
safety related with the strength and the design response calculation. The safety factors represent the 
conservatism in strength and response calculated in the design stage. The median seismic capacity of 
NPP components can be obtained from the following equation [2]. 

SSEm AFA ⋅=                                                                                                                            (1) 

 

375

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Hoch     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Nein     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: AbbrechenEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Ja     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Error     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile (‹ñI)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket true     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.4 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages false     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 1200     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



 

where mA   and SSEA  is the median ground motion capacity and the peak ground acceleration level of 
safe shutdown earthquake, respectively. The safety factor, F, can be written by using the capacity and 
response factors. 

ESRSEC FFFF ⋅⋅=                                                                                                                    (2) 

where ECF  is the equipment capacity factor consisting of the strength factor and inelastic energy 
absorption factor of the equipment. RSF  is the response factor of structure where the equipment is 
installed. The structural response factor is consisting of the variables used to generate floor response 
spectra for equipments. ESF  is the equipment response factor. Table 1 shows the safety factors 
considered in the seismic fragility analysis of structures and components [2.3]. As shown in this table, 
the difference between the design response spectrum and the evaluation response spectrum is included 
in the structure response factor as the response spectrum shape factor. 

Table 1. Safety Factors Considered in the Seismic Fragility Analysis 
Capacity Strength (Yield or Ultimate) 

Inelastic Energy Absorption 
Structure 

Response Ground Response Spectra 
Foundation-Structure Interaction 
 (Including Soil-Structure Interaction,  
  De-convolution & Incoherence) 
Damping 
Frequency 
Mode Shape 
Torsional Coupling 
Mode Combination 
Time History Simulation 
Earthquake Component Combination 

Equipment Capacity Strength (Yield or Ultimate) or Test Capacity
Inelastic Energy Absorption 

Building Structure Response (See above) 

Equipment 
(Qualified by Analysis) 

Equipment Response Qualification Method 
Damping 
Frequency 
Mode Shape 
Mode Combination 
Earthquake Component Combination 

Test Capacity 
Building Structure Response (See above) 

Equipment 
(Qualified by Testing) 

Equipment Factors Response Clipping 
Capacity Increase and Demand Reduction 
Cabinet Amplification 
Multi-Axis to Single-Axis Conservatism 
Broad Frequency Input Spectrum Device  
  Capacity 

 
3. Spectrum shape factor in seismic fragility analysis 

The spectrum shape factor accounts for the difference between the evaluation response spectrum 
versus the design response spectrum [3]. The spectrum shape factor, SSF , can be defined by the ratio 
of the spectral acceleration of the reference response spectrum to that of the design spectrum at the 
fundamental frequency of the structure. The spectrum shape factor is one of the dominant factors in 
the structure response factor. SSF  can be obtained from the following equation. 

E

D
SS SA

SAF =                                                                                                                                   (3) 

where DSA  and ESA is the spectral acceleration of the design response spectrum and the evaluation 
response spectrum at the frequency of interest. 
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As shown in Table 1, the safety margin due to the difference of both response spectra is directly used 
for the fragility analysis of the components located in a building. 

4. High frequency ground motion effects 

In order to investigate the effects of high frequency ground motions on the floor response spectra, 
dynamic analyses of a containment structure were performed. Fig. 1 shows the analysis model. The 
natural frequency of the shell and internal structure is 4.7Hz and 12.4Hz, respectively. In these 
analyses, several kinds of input ground response spectra were used. The floor response spectra were 
generated using a direct generation method that can generate the floor response spectra from input 
ground response spectra without time history analysis [4,5]. In this study, the design response 
spectrum, the site-specific response spectrum that have been used in past SPRA studies for Korean 
nuclear power plants, and the UHS (Uniform Hazard Spectrum) were used as the input ground 
response spectra for comparison [6]. Fig. 2 shows the spectral shape of the input ground response 
spectra. 
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Fig. 1. Analysis Model                                   Fig. 2. Input Response Spectra 

Fig. 3 shows the comparison of the floor response spectrum from the design response spectrum and 
that from the site-specific response spectrum at the top of the containment shell and the internal 
structure. As shown in these figures, the floor response spectra from both input ground response 
spectra are very similar. In this case, the direct use of the spectrum shape factor seems to be 
appropriate. 

Fig. 4 shows the comparison of the floor response spectrum from the design response spectrum and 
that from the UHS at the top of the containment shell and the internal structure. As shown in these 
figures, the floor response spectra from both input ground response spectra at the top of the 
containment shell are very similar. However the difference of the spectral floor acceleration at the top 
of the internal structure is very large in the high frequency region above 10 Hz. This is due to the high 
fundamental frequency of the structure. In this case, the effect of the high frequency ground motion is 
very important in the seismic fragility analysis of equipments located in a building. 

5. Conclusion 

In the ordinary seismic fragility analysis of nuclear power plant structures and equipments, the safety 
margin of design ground response spectrum is directly used as a response spectrum shape factor. 
When the evaluation response spectrum shape is similar to the design response spectrum, the ordinary 
method is appropriate. 

To incorporate the high frequency ground motion effects, it is necessary to evaluate the floor response 
spectra for the evaluation response spectrum. The safety margin included in the design ground 
response spectrum should be considered as a floor response spectrum shape factor in the equipment 
response factor without the spectrum shape factor in the structure response factor. 
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Abstract. It has been recently identified that high frequency components of 10-30 Hz are rich in the ground 
motion for rock sites in Korea. This has been incorporated in the recent seismic hazard analysis. However, 
Newmark-Hall type ground spectrum was used in the past for SPRAs or SMAs as a site specific reference 
spectrum. Seismic fragilities for a typical auxiliary building and equipments are evaluated based on a new 
ground spectrum. The effect of high frequency motion is studied by comparing the HCLPF values obtained from 
past and current studies. HCLPF values of the auxiliary building and equipments within it were generally 
increased for the high frequency motion. 

1. Introduction 

The seismic probabilistic risk assessment (SPRA) or the seismic margin assessment (SMA) studies are 
performed to estimate the seismic safety of the structures and equipments in nuclear power plants. The 
spectrum similar to NUREG/CR-0098 median curve anchored to a reference PGA of 0.2g has been 
generally used in past SPRAs in Korea. It should be noted that the standard response spectrum 
proposed by US NRC Regulatory Guide 1.60 has been used for the design of most the Korean nuclear 
power plants.  

It has been recently identified that high frequency components of 10-30 Hz are rich in the ground 
motion for rock sites in Korea. This has been incorporated in the recent seismic hazard analyses.  

In this study, the uniform hazard spectrum (UHS) for a Korean nuclear power plant site was developed 
using the available probabilistic seismic hazard analysis results. Seismic fragilities for a typical 
auxiliary building and equipments were evaluated based on a new ground spectrum. The fragility 
parameters for the UHS were simply obtained by introducing a new safety factor. The effect of high 
frequency motion is studied by comparing the HCLPF values obtained from past and current studies. 

2. Frequency characteristics of seismic motion-korean region  

Mean ground response spectra in a horizontal direction are shown in Fig. 1 [1] for rock site. This was 
obtained from 270 earthquake records with a magnitude of approximately 3 to 5 that occurred in 
Korea. The spectrum for each magnitude represents the central magnitude with an increment of ±0.5. 
As shown in the figure, ground motions at rock sites have relatively high spectral acceleration contents 
in the 10-30 Hz frequency band. The unsmooth part in the spectrum for magnitude 5 earthquakes is 
due to the very limited number of data. 

3. Seismic hazard spectra for kori npp site 

In this study, example spectral hazard curves were developed using the available results of 
probabilistic seismic hazard analysis for Kori NPP sites. Fig. 2 shows the example median spectral  
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