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2 INTRODUCTION 
Nuclear facilities are designed such that earthquakes and other external events will not 
jeopardise the safety of the plant. A nuclear power plant (NPP) consists of various 
structures, systems, and components (SSCs) that are designed to withstand earthquake 
forces up to a predetermined magnitude. Earthquakes are generated in the earth’s crust 
where the tectonic plates are constantly moving slowly in different directions resulting in 
gradual accumulation of stresses over a large rock mass at the plate boundaries. When 
the accumulated strain exceeds the strength of the rocks, these rocks rupture resulting in 
sudden release of stored strain energy which is then transmitted in the form of seismic 
waves, generating ground vibrations travelling far and wide and are attenuated as they 
travel. Such ground vibrations or base motion of the plant’s buildings are transmitted 
through the intermediate structures of the buildings to the SSCs that are mounted to the 
floors, the walls, and the roofs of the buildings. 

Seismic input motion is generally recorded and represented by an accelerogram called 
“time history”. Time history shows that the earthquake motion is a cyclic random motion 
containing a mixture of frequencies. The maximum acceleration of the ground motion is 
the peak acceleration of the time history plot. 

The negative consequence of acceleration and the forces induced in the SSCs to a given 
seismic excitation is predominantly due to the classical resonance phenomenon, or 
dynamic amplification. If the excitation frequencies are close to the natural frequencies of 
the SSCs, the response of the structure is amplified and is a function of damping of the 
SSCs. The frequency content of the time history and the effect of damping, essential for 
the understanding of dynamic amplification of the SSCs during an earthquake, are 
usually expressed by a response spectrum. The response spectrum is derived from the 
given time history. 

The characteristic of an earthquake is such that it is relatively rich in energy content in the 
frequency range of 1 to 15 Hz. Above 15 Hz, the energy content reduces considerably 
and is significantly less beyond 33 Hz. The peak acceleration of the time history plot 
corresponds to the acceleration value of the response spectrum plot at 33 Hz and is 
called a “zero period acceleration” (ZPA) [8]. 
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3 SITE HAZARD CHARACTERISTICS 
In assessing the seismic hazard for the Koeberg site, important factors to be considered 
during the evaluation of the seismic hazard for the site include: 

• seismological and geological conditions of the region;

• information on the historical and instrumentally recorded earthquakes in the region;

• seismotectonic evaluation of the region;

• the distribution in time, space, and size of the regional seismicity;

• the ground attenuation of seismic waves at increasing distances from the location of
the earthquake; and

• the hazards of ground motion and faulting associated with earthquakes and
geological phenomena; this forms the basis for technical judgements in the site
evaluation of the plant.

For Koeberg, the seismicity of the site due to earthquake-induced ground motion was 
originally assessed by Dames and Moore (1976) and by CGS (Report No.2004-0188). 
The studies considered site seismicity and seismotectonics of the region based on data 
and information from geological, geophysical, seismological, and geotechnical 
investigations and micro-seismic measurements of the site region. Historical studies 
included an assessment to evaluate the potential for surface faulting (the presence of a 
capable fault) and also to determine if any evidence exists of a capable fault within the 
vicinity of the site. 

Geological investigations have shown no evidence to suggest that Tertiary or recent 
sediments were faulted in the Koeberg site area. Early studies by Dames and Moore 
(1981) concluded that the last fault movement probably occurred during Mid-Cretaceous 
rifting (about 110 Ma ago). Dames and Moore further concluded that the postulated 
Milnerton-Cape Hangklip and the Saldanha-Darling-Franschhoek fault zones approach 
no closer to the site than 8 km and 18 km respectively. The fault and shear zones inferred 
or known to occur within 8 km of the site conformed neither directionally nor in 
mineralogical characteristics or tectonic style to seismic active fault zones in the region. 

The Vredenburg-Stellenbosch fault zone occurs within 25 km of the site and there is 
currently no evidence of it having been active. The only other evidence of importance to 
the Koeberg site is minor faulting at Saldanha, which is too difficult to interpret with 
confidence. There is no evidence of substantial tectonic deformation in available 
exposures of the post-Early Pliocene to pre-Late Pleistocene Springfontein Formation 
west of Duynefontein (3.6 Ma – 0.2 Ma, Roberts, 2006); exposures are discontinuous and 
uncertainties therefore exist as to how representative this evidence is. 

Figure 1 shows the location of the fault zones closer to the Koeberg site. 
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Figure 1: 
Seismotectonic characteristics of the Western Cape 

The locations of fault zones with respect to Koeberg are: 

• the postulated Piketberg-Bridgetown-Worcester fault zone which occurs over 70 km
to the NE of the site;

• the Saldanha-Darling-Franschhoek fault zone located approximately 18 km from the
site; and

• the postulated Milnerton-Cape Hangklip fault zone which is observed not to
approach closer than 8 km to the site.

 Seismic hazard values were established using the parametric-
historic approach to the seismic hazard analysis (SHA) methodology. Once initial seismic 
hazard values had been established, additional palaeoseismic and neotectonic 
investigations were carried out by the CGS between November 2003 and June 2006 
(also referred to as the “palaeoseismic-neotectonic investigations and integration” or 
PNI&I). Three projects were undertaken, namely a study of coastal warping, a 
palaeoseismic trenching study of Quaternary-age reactivation along the Ceres-Kango-
Baviaanskloof-Coega fault system, and an investigation into the potential forneotectonic 
reactivation along known and any new faults found in the intervening coastal region. The 
results of this work were incorporated into several seismic hazard and sensitivity 
analyses which were used to confirm previously calculated peak ground acceleration 
(PGA) hazard values [10]. 
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3.1 HISTORICAL EARTHQUAKES 

The magnitude of an earthquake is conventionally measured in terms of Richter scale. 
The Richter magnitude is calculated from the amplitude of the largest seismic wave 
recorded for the earthquake. The Richter magnitudes are based on a logarithmic scale, 
i.e. for each whole number higher on the Richter scale, the amplitude of the ground 
motion recorded by a seismograph is multiplied by ten. Using this scale, a magnitude 5 
earthquake would result in ten times the level of ground shaking as a magnitude 4 
earthquake (and 32 times as much energy would be released). 

An alternative to measure the strength of an earthquake is to use the Mercalli scale. This 
scale uses the observations of the people who experienced the earthquake to estimate its 
intensity. The difference between magnitude and intensity is that magnitude is a measure 
of earthquake size and remains unchanged with distance from the earthquake. Intensity, 
however, describes the degree of shaking caused by an earthquake at a given place and 
decreases with distance from the earthquake epicentre. The correlation between 
magnitude and intensity is far from total, depending upon several factors including depth 
of the earthquake, terrain, and population density. Table 1 shows the correlation between 
Richter magnitude and Mercalli intensity. 

Table 1: 
Richter magnitude and Mercalli intensity relationship 

Richter 
Moment 

Magnitude 

Modified 
Mercalli 
Intensity 

Explanation of Mercalli Intensity 

1.0 – 3.0 I I (Instrumental) – Generally not felt by people unless in favourable 
conditions. 

3.0 – 3.9 II – III II (Weak) – Felt only by a few people at best, especially on the upper 
floors of buildings. Delicately suspended objects may swing. 
III (Slight) – Felt quite noticeably by people indoors, especially on the 
upper floors of buildings. Many do not recognise it as an earthquake. 
Standing motor cars may rock slightly. Vibration similar to the passing of 
a truck. Duration estimated. 

4.0 – 4.9 IV – V IV (Moderate) – Felt indoors by many people, outdoors by few people 
during the day. At night, some awaken. Dishes, windows, doors 
disturbed, walls make cracking sound. Sensation like heavy truck striking 
building. Standing motor cars rock noticeably. Dishes and windows rattle 
alarmingly. 
V (Rather strong) – Felt outside by most, may not be felt by some 
outside in non-favourable conditions. Dishes and windows may break 
and large bells will ring. Vibrations like large train passing close to 
house. 

5.0 – 5.9 VI – VII VI (Strong) – Felt by all, many frightened and run outdoors, walk 
unsteadily. Windows, dishes, glassware broken, books fall off shelves, 
some heavy furniture moved or overturned, a few instances of fallen 
plaster. Damage slight. 
VII (Very strong) – Difficult to stand, furniture broken, damage neglig ble 
in building of good design and construction, slight to moderate in well-
built ordinary structures, considerable damage in poorly built or badly 
designed structures, some chimneys broken. 
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Richter 
Moment 

Magnitude 

Modified 
Mercalli 
Intensity 

Explanation of Mercalli Intensity 

6.0 – 6.9 VII – IX VII (Very Strong) – Difficult to stand, furniture broken, damage negligible 
in building of good design and construction, slight to moderate in well-
built ordinary structures, considerable damage in poorly built or badly 
designed structures, some chimneys broken. 
VIII (Destructive) – Damage slight in specially designed structures, 
considerable in ordinary substantial buildings with partial collapse. 
Damage great in poorly built structures. Fall of chimneys, factory stacks, 
columns, monuments, walls. Heavy furniture moved. 
IX (Violent) – General panic, damage considerable in specially designed 
structures, well designed frame structures thrown out of plumb. Damage 
great in substantial buildings, with partial collapse. 

7.0+ X or higher X (Intense) – Some well-built wooden structures destroyed, most 
masonry and frame structures destroyed with foundation. Rails bent. 
XI (Extreme) – Few, if any masonry structures remain standing. Bridges 
destroyed. Rails bent greatly. 
XII (Cataclysmic) – Total destruction, everything is destroyed. Lines of 
sight and level distorted. Objects thrown into the air. The ground moves 
in waves or ripples. Large amounts of rock move position. Landscape 
altered, or levelled by several meters. In some cases, even routes of 
rivers are changed. 

A summary of the observed seismicity has been provided in the current version of the 
Koeberg Site Safety Report (KSSR) Rev. 3. Table 2 shows the summarised recorded 
earthquakes within 400 km of Koeberg. 

Table 2: 
List of earthquakes with magnitude of 5 and higher 

within 400 km of Koeberg [9] 

Date Estimated Richter 
Magnitude 

Estimated Modified 
Mercalli Intensity Location 

1809-12-04 6.3 VIII Cape Town 
Region/Milnerton area 

1811-06-02 5.7 VI-VII Cape Town area 

1811-06-19 5 VI-VII Cape Town 

1857-08-14 5 VI-VII Western Cape 

1899-09-13 5 VI-VII Cape Town 

1921-10-09 5 V-VI Tulbagh 

1963-08-27 6.3 VII – IX Worcester-Ceres 

1969-09-29 6.3 VII – IX Ceres-Tulbagh area 

1977-03-02 5.3 VI-VII S.W. Cape Province 

1991-10-31 5 VI-VII Ceres area 

The 1969 earthquake in the Ceres-Tulbagh area remains the most destructive 
earthquake in South African history. The earthquake occurred on the 29 September 1969 
and registered 6.3 on the Richter scale with resulting damage more extensive than the 
1809 Cape Town earthquake which destroyed a local farm in Milnerton. The Ceres-
Tulbagh earthquake was followed by a series of aftershocks, the strongest of which was 
of magnitude 5.7 occurring some months later on 14 April 1970. It is also estimated to 
have caused a displacement of 26 cm over a distance of 20 km. 
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Structural damage in Tulbagh was extensive; more than 70% of the buildings suffered 
damage and over half of the local population were left homeless. Damage was not 
confined to homes and buildings; most of the local roads in the area suffered large cracks 
and fires sprang up where electricity lines and boxes were damaged. Much of the 
Tulbagh community had to leave the area while clean-up and reconstruction took place 
on the damaged roads and houses; many of the houses damaged during the earthquake 
were never rebuilt. Below are photos illustrating some of the damage caused by 1969 
Ceres-Tulbagh earthquake. 

Figure 2: 
Damage caused by 1969 Ceres-Tulbagh 

earthquake 

Geological investigation into the earthquake had suggested that the main earthquake 
along with aftershocks that followed were part of a “swarm”. It is suspected that the 
earthquake was caused by a shallow tectonic failure along the Saron-Groenhof 
lineament, which is consistent with the type of tremors that occurred in the Witzenberg 
Mountain range during the 1969-1970 period. 

The Milnerton earthquake of 1809 was of only slightly smaller magnitude than the 1969 
Tulbagh earthquake, both with magnitude 6.3, but the damage was far less, primarily 
because the population density in 1809 was less than it was in 1969. During the 1809 
earthquake, damage was minimal due to the lack of developed areas and the situation 
was similar for the Tulbagh area, while the town of Tulbagh was more developed than 
early 19th century Cape Town. There is little doubt that if (or when) a magnitude 6 or more 
earthquake hits the modern-day Cape Town area, damage will be extensive [9]. By 
nature, earthquakes are unpredictable, and only foreshocks and other measurable 
geological precursors may assist in limiting the consequences of earthquakes. 

The latest KSSR (Rev 3) [1] contains the results of a recent update (2005) to the seismic 
hazard assessment for Koeberg site. This hazard assessment employs a probabilistic 
approach based on the “parametric-historic approach” developed by CGS. The only 
requirement of this approach is to have a seismic catalogue of the area under 
investigation and it is not restricted by available geological information. 
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Based on the available geological information and using the parametric-historic 
methodology, a PGA of 0.27 g, has been calculated for the Duynefontein site. Since the 
SHA for Duynefontein was regarded as reconfirmation work, the 0.3 g PGA was 
maintained as the design-basis seismic event for the Koeberg Nuclear Power Station and 
hence, the Duynefontein site (CGS, 2004). From these recent studies, the seismic hazard 
analysis for the Koeberg site was updated and concluded that the new data does not 
affect the calculated seismic hazard significantly and that previous design response 
spectra are indeed adequate. 

3.2 SITE SEISMIC HAZARD ASSESSMENT 

The original seismic hazard assessment for the Koeberg site was performed by Dames 
and Moore and it is the current licensed design basis for Koeberg. Since Koeberg was 
designed, new seismic methodologies have been developed. Sites for new nuclear builds 
are being assessed using these new approaches. In light of new developments in the 
field of SHA, the Senior Seismic Hazard Assessment Committee (SSHAC) approach is 
favoured by Eskom for the determination of the seismic design basis of new nuclear sites. 
The KSSR will be updated and will contain SHA results from SSHAC. 

3.3 KOEBERG SITE PGA AND SEISMIC RESPONSE SPECTRA 

Based on early deterministic seismic hazard analysis, Dames and Moore established a 
design PGA of 0.3 g tied to the Newmark and Hall spectral shape (refer to Figure 3) to 
define the seismic ground motion for the Koeberg site. 

The safe shutdown earthquake (SSE) for Koeberg was determined using the 
deterministic approach (Dames and Moore, 1981) which evaluates the maximum 
expected ground motion, resulting from the strongest potential earthquake at the nearest 
possible distance. The PGA for the SSE was specified as 0.3 g. Dames and Moore was 
of the opinion that the value is conservative for a site on the coast of the Cape Province 
of South Africa and it represents the expected ground motion from an event of Richter 
magnitude 7 occurring 8 km from Koeberg. Once the decision was made that the 
horizontal SSE should be 0.3 g, all subsequent site and structural performance 
requirements have been made consistent with this value. 

The vertical PGA was then specified as 2/3 of the horizontal PGA. This value is used for 
the vertical motion and results in conservative vertical response spectra. The attenuation 
of this study was based on a limited number of intensity observations in South Africa 
which were developed into PGA, magnitude, and distance relationships. 
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Figure 3: 
Newmark and Hall elastic design response spectra for 

the Koeberg site (DM and CGS model) 

Subsequently, the Council of Geosciences of South Africa (CGS) performed deterministic 
as well as a probabilistic seismic hazard analysis considering new geologic and 
seismicity information and new methods of hazard analysis. 

In 1999, the CGS completed a site-specific probabilistic seismic hazard analysis (PSHA) 
for the Koeberg site (Kijko et al., 1999). The purpose of this study was to account for new 
observations and technical advances in methodologies to confirm that the Koeberg site 
characteristics were adequate. Based on the results of this PSHA, Kijko concluded that 
the PGA of 0.27 g has an annual exceedance probability of 1E-6 and therefore the design 
spectrum tied to a PGA of 0.3 g enveloped the ground motion resulting from the PSHA. 
Based on its hazard analysis, CGS developed recommendations for a revised design 
PGA of 0.27 g and the NUREG-0098 spectral shape for use in design. Nevertheless, the 
Dames and Moore definition of the SSE remained the current licensed design basis for 
Koeberg. 

3.4 SUMMARY OF KOEBERG SITE SEISMIC HAZARD ASSESSMENT 

Dames and Moore (1981) performed a seismic hazard analysis for the Koeberg site using 
a catalogue of historical earthquakes within 400 km of the site that covered the period 
from 1620 to 1973. In a more recent seismic hazard assessment performed for PBMR 
siting, CGS (Kijko et al, 1999) used a catalogue of earthquakes that also included 
instrumentally recorded seismicity up to 1997. In 2005, CGS conducted a reassessment 
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of seismic hazard analyses for the Koeberg site in which they supplemented the 
instrumentally recorded earthquakes with data up to April 2005. It can be stated that 
seismic hazard of the Koeberg site has not changed due to a change in the seismic 
catalogue but may be different to the original design basis due to development in the 
method of determining the seismic hazard of the site. 

The Dames and Moore approach is now considered outdated and new seismic 
assessment methodologies exist; however, it is still the current licensed design basis for 
Koeberg. 

It is important to note that this seismic margin assessment (SMA) utilises the current 
plant’s response spectra as input, and any change to the seismic response spectra could 
affect the conclusion of this SMA. Once the updated seismic ground and floor response 
spectra have been finalised, the results of this SMA should be reviewed to validate the 
conclusion of this report. 
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4 POTENTIAL IMPACT ON PLANT SAFETY 

4.1 INTERNATIONAL EXPERIENCE OF SEISMIC EVENTS AT NUCLEAR 
STATIONS 

Besides the Fukushima event, two more nuclear power plants recently experienced 
seismic events beyond their design basis. The first was the Kashiwazaki-Kariwa nuclear 
power station in Japan, the consequences of which are unique in the sense that the 
levels of seismic ground motion estimated in the design process were significantly 
exceeded by the event. The second occurred at North Anna nuclear power plant in the 
United States with a plant design similar to that of Koeberg. Both these events support 
the currently held belief that nuclear power plants can withstand seismic events well 
beyond their designed capacity. As with Fukushima, even though the earthquakes at 
these plants were beyond the plants’ seismic design bases, no major seismic related 
damage to the plants was incurred. 

On 13 July 2007, Kashiwazaki-Kariwa nuclear power plant experienced a 6.8 earthquake 
with the epicentre 19 km from the plant. It struck off the coast of Niigata Prefecture on the 
sea side of Honshu, Japan’s largest island. The event resulted in four reactors 
automatically shutting down. One unit was being started up after a periodic inspection, 
while three units were still shut down for periodic inspections. The seismic acceleration 
readings recorded ranged from 0.69 g to 2 g. The design specification for safe shutdown 
PGA of this plant was 0.46 g. 

Problems experienced during and as a consequence of the earthquake were: 

• A transformer fire due to relative ground movement causing a short circuit. The
ground beneath the transformer was raised by 30 cm, while the ground next to the
transformer, where the electric cables ran, subsided by 15-25 cm. There were oil
leaks from several transformers.

• Damage to the ducts connected to each of the stacks.

• Damage to ducts due to settlement and soil failure inducing damage in structures
and components interconnected but built on separate foundations.

• Work platforms in the spent fuel pools fell onto the spent fuel storage racks.

• The spent fuel pools overflowed.

• Normal power supply to the administration building was lost and the emergency
power supply had to be activated.

• Some 400 drums containing low-level nuclear waste stored at the plant were
knocked over, 40 of them losing their lids.

• Failure of the fluorescent light fixtures of control rooms.

The ceiling and light fittings in the Koeberg control rooms were subsequently checked 
and some concerns exist regarding the possibility of failure during a severe seismic 
event. 
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Many of the problems on the Kashiwazaki-Kariwa nuclear power plant site were induced 
by large soil deformations. In the case of strong earthquakes, soil failures often cannot be 
avoided. Measures to limit the consequence of this effect should be taken. Such 
measures include the use of proper soil materials for backfill and proper soil compacting, 
protection of the penetrations of distribution systems (piping, cable trays, ducts) by 
expansion joints that can allow large displacements and/or concrete channels to protect 
the underground piping, drainage of the site in order to reduce the underground water 
level as well as proper handling of precipitation water. Use of a combination of most of 
these measures should help to reduce damaging effects of large ground deformation. 

A limited number of anchorage failures occurred, mainly on transformers and water tanks 
that are not safety related equipment. The failure of anchorages of the heat exchangers 
in the turbine building was observed. The long-term behaviour of anchorages should be 
assured by a proper ageing management programme that considers the safety 
importance of equipment, as well as possible interaction effects. 

Seismically induced fires are frequent events after an earthquake in urbanised areas but 
are relatively rare at nuclear power plants. Although not directly related to nuclear safety, 
the in-house electrical transformer fire revealed shortcomings in the firefighting capability 
of the plant. This included the shearing of fire water distribution piping due to soil 
subsidence. 

On 23 August 2011, a magnitude 5.8 earthquake occurred in Washington DC, 
approximately 15 km from the two nuclear power reactors at the North Anna nuclear 
power plant. These units are of a design similar to that of Koeberg. Although the 
earthquake exceeded the design basis of the plant, only minor damage occurred which 
did not affect the plant’s safety functions. The US Nuclear Regulatory Commission (NRC) 
gave permission for the restart of both units which were shut down after the earthquake. 

The immediate consequence of the earthquake on the plant was the automatic shutdown 
of the reactors. Power was supplied by the emergency diesel generators as a result of 
the instrumentation on the unit transformers failing. 

Multiple inspections by both utility and federal regulators found that the plant did not 
suffer any functional damage and was safe to continue operation. 

The consequences of the earthquake were: 

• loss of off-site power; and

• the shifting of 25 dry nuclear fuel storage containers.

4.2 SEISMIC DESIGN BASIS 

The safety systems are designed to withstand a maximum credible seismic event, having 
high intensity even though it has low probability of occurrence. Such an earthquake is 
classified as an SSE and the safety systems are designed to maintain their structural 
integrity, pressure boundary integrity, and functional operability during such an event.  
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The design-basis ground motions are defined in the form of response spectra (GMRS) 
and acceleration time histories. Response spectra are developed from the structural 
analysis at various floor levels in the structures and these floor response spectra (FRS) 
are then applied to the equipment at the corresponding floors. For seismically classified 
equipment, the SSE and OBE requirements apply, where the OBE is defined as ½ SSE. 

The design of buildings that are categorised as nuclear safety related structures is based 
on the definition of the SSE and ½ SSE; however, generally the design is dominated by 
½ SSE. SSE corresponds directly to ultimate safety requirements and is the level of 
extreme ground motion having a very low probability of being exceeded during the 
lifetime of the plant. For this type of earthquake, systems, structures, and components 
required must remain functional. ½ SSE or OBE corresponds to a less severe, more likely 
earthquake load condition, which has different safety implications than the SSE. For this 
type of earthquake, systems, structures, and components required must remain 
functional to enable safe plant shutdown. 

The seismic design event for Koeberg is based on the specific geological, geophysical, 
and tectonic investigations of the region surrounding Koeberg and site area, the 
seismotectonic setting of the Western Cape, the historically recorded seismic catalogue, 
and a site-specific seismic hazard analysis. The SSE event is specified as having a 
magnitude of 7 Richter scale, zero-period horizontal acceleration of 0.3 g and zero-period 
vertical acceleration of 0.2 g. The OBE response spectra are derived by scaling down to 
one half of the SSE zero-period acceleration. The design of the lower raft is based on the 
use of different numerical models having different dynamic parameters for the behaviour 
of the bedrock and soil cement sub-foundation under seismic excitation. 

According to the design basis, the nuclear island and the structures supported by it are 
seismically designed for the SSE and OBE, and it considers the dynamic interaction 
between the aseismic island and the conventional buildings as well as the interaction 
between the reactor containment and internal structures and adjacent aseismic island 
buildings. 

4.2.1 Aseismic Raft 

The reactor buildings, fuel buildings, connecting buildings, nuclear auxiliary building, and 
electrical building are constructed on a common foundation referred to as the aseismic 
raft. The function of the aseismic island is to adapt the reference station design to the 
more severe seismic conditions required at the Koeberg site without making major 
changes to the structures and components themselves and to prevent damage during a 
seismic event. The aseismic island foundation comprises a lower raft supported on the 
soil cement sub-foundation, retaining walls, reinforced concrete pedestals, aseismic 
bearings, and an upper raft supported by the bearings. 

• Lower raft – distributes the loads transmitted by the bearing pedestals to the soil-
cement foundation such that excessive differential settlement, which could result in a
change in the behaviour of the aseismic bearings, is avoided. The extremities of the
lower raft act as the base support to the retaining walls.

• Retaining walls – extend from the lower raft to the terrace level and from the walls to
the aseismic vault, i.e. the zone between the upper and lower raft in which the
aseismic bearings are located. Its function is to withstand the earth pressure of the
surrounding backfill under all operating conditions and provide a waterproof
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environment for the protection of the aseismic bearings. There is generally a 
600 mm gap between the retaining wall and the raft, with a 400 mm gap on the 
turbine side of the raft. This is to accommodate the horizontal movement of the 
upper raft in a seismic event. It is calculated that there will be up to 150 mm 
unidirectional movement of the raft during an SSE, and as such the gap is adequate 
to ensure it does not come into contact with the retaining walls. 

• Bearing pedestals – are constructed on the lower raft and support varying numbers
of aseismic bearings.

• Aseismic bearings – are mounted on the bearing pedestals. The bearings are
designed to act as a filter between the bedrock and the nuclear safety related
structures. The effect is to obtain an overall horizontal translation of the nuclear
island structures under earthquake excitation which is almost uniform throughout the
structures and which limits the response to the participation of the fundamental
mode of the aseismic island which occurs at a frequency of 0.9 Hz.

• Upper raft – it is supported on the aseismic bearings with the upper half of the
bearing friction couple cast into the soffit of the upper raft. The upper raft provides a
foundation for the nuclear safety structures on the aseismic island. It is completely
isolated from the surrounding retaining wall by a gap designed to accommodate the
horizontal movement expected during the design earthquake (refer to Figure 4).

4.2.2 Design of the Containment Building 

The containment is designed to withstand earthquakes. The behaviour of the reactor 
building under earthquake conditions is calculated for a ½ SSE under which the reactor 
will continue operation, and an SSE under which the integrity of the primary circuits and 
the containment structure must be assured. The design assumes that a loss of coolant 
accident may occur simultaneously with an SSE. 

4.2.3 Design of Fuel Building 

The fuel building is a reinforced concrete structure that includes some structural steel 
elements. It is situated adjacent to the reactor building and opposite the turbine building. 
The main functions of the fuel building are to house equipment for handling and transfer 
of new and spent fuel to and from the reactor buildings, storage of spent fuel, and storage 
of water for filling the reactor cavity. As a result, the building supports considerable 
masses between levels + 7.50 m and + 20.00 m. The fuel building is designed to 
withstand a design-basis earthquake (SSE). 

4.2.4 Nuclear Auxiliary Building (NAB) 

The nuclear auxiliary building is common to both reactor buildings and contains most of 
the equipment and auxiliary systems associated with the operation and safety of the 
reactor units as well as the common systems. Preliminary calculations showed that the 
aseismic design was greatly improved by linking the nuclear auxiliary building and 
electrical building to form a single structure. The building comprises six levels, these are 
– 6.70, + 0.00, + 5.00, + 8.00, + 11.50, + 13.15, and + 21.50 m level. The NAB is
designed to withstand a design-basis earthquake (SSE). 
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4.2.5 Electrical Building 

The electrical building is common to both reactor buildings and is located between the 
nuclear auxiliary building and the turbine building and flanked at either end by the 
connecting buildings. The electrical building is a reinforced concrete structure, which is 
structurally connected to the NAB. The 0.9 m thick reinforced concrete wall separating 
the electrical building from the turbine building is an antimissile wall, which protects the 
electrical building against potential missiles generated by the turbine. The electrical 
building is designed to withstand a design-basis earthquake (SSE). 

4.2.6 Connecting Buildings 

The connecting buildings are located between each reactor building and the turbine 
building and are integrated with the electrical building at either end. The connecting 
buildings house operating and electrical equipment. The connecting building is designed 
to withstand a design-basis earthquake (SSE). 

4.2.7 Diesel Buildings 

Each diesel-electric generating unit and auxiliary equipment (fuel tanks, electrical, and 
ventilation rooms) is housed in a separate reinforced concrete structure referred to as the 
diesel building. The diesel buildings are designed to withstand a design-basis earthquake 
(SSE). The diesel generator units are mounted on a reinforced concrete foundation block, 
and are isolated from the concrete structure by steel springs and viscous dashpots, which 
limit the frequency of the foundation and hence, keep the vibration amplitudes below 
specified limits. LHP diesels (units 1 and 2, train A) are on the raft whereas LHQ (units 1 
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and 2, train B) and LHS (unit 9 available to either unit or train) are not on the raft, but they 
can all withstand a design-basis earthquake (SSE). 

4.2.8 ASG Tank Bunkers 

There is one ASG tank bunker per reactor building located on the aseismic island. The 
ASG bunkers house and protect the auxiliary feedwater tanks (ASG) against external 
hazards. The ASG bunker is designed to withstand a design-basis earthquake (SSE). 

4.2.9 SEC Pumphouse and Galleries 

The SEC pumphouse draws water from the cooling water intake basin, filters it through a 
series of screens before pumping the essential cooling water through Bonna pipes 
(concrete lined steel pipes) which are housed in underground galleries to the RRI / SEC 
heat exchangers located in the NAB. The SEC equipment in the SEC pumphouse must 
remain operable after an SSE. 

The main feature of the seismic design is the soil-structure interaction between the 
galleries (which are founded on the bedrock) and the enclosed and surrounding sand, 
which is assumed to liquefy during an SSE. The anticipated mode of failure of the SEC 
galleries would occur if the galleries were to float under liquefied condition. The sand on 
which the station is located has the potential of liquefaction in the event of an earthquake. 
The sand enclosed in the compartments beneath the galleries does not liquefy. The 
longitudinal and transverse diaphragm walls form a stiff compartment with the bedrock 
acting as a base and the lower slab of the galleries. Under an SSE, the deformation of 
the compartment and shear strain of the enclosed sand is small, the number of equivalent 
strain of the enclosed sand is small, and the number of equivalent strain cycles 
corresponding to the SSE is too low to lead to a pore pressure build-up that could 
possibly result in the liquefaction of the enclosed sand. 

4.2.10 Cask Storage Building 

The Cask Storage Building (CSB) is one of the buildings for which it had to be 
demonstrated that damage due SSE conditions would not cause a loss of safety function 
of safety related structures, systems, and components. Floor loadings, liquefaction and 
seismic concerns have all been addressed in the CASTOR X/28F cask storage design 
(Modification 99075C).  The acceptability of the building and internal structures with 
regards to nuclear safety were demonstrated in [21]. The ventilation system is also 
installed in accordance with the approved design, Modification 99075C. 

Regarding the seismic capability of the CASTOR X/28F casks, they are designed to 
function as transport casks, and hence are able to withstand significant loads from drops, 
missiles and other external forces, which exceed that of Koeberg’s SSE. This is in 
accordance with the requirements of IAEA TS-R-1. 

The current Spent Fuel Management Project (Modification 07147) includes the re-
evaluation of the CSB to accommodate an additional seven Holtec HI-STAR 100 storage 
and transport metal casks.  This re-evaluation includes the seismic response and 
ventilation capacity of the CSB, to ensure the safe storage of both the current four 
CASTOR X/28F casks, as well as the additional seven Holtec HI-STAR 100 casks. 
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4.3 ASSESSMENT OF THE PLANT’S ROBUSTNESS TO COPE WITH 
SEISMIC EVENTS 

The original plant design was assessed to ensure that all SSCs required for safe-
shutdown of the plant were adequately designed to cope with an SSE as specified for the 
plant. As mentioned previously, this was originally defined as 0.3 g for the Koeberg site. 
The original design calculation confirms that the plant, with the aseismic raft, meets this 
requirement, but does not explicitly provide adequate information to evaluate any safety 
margin in the design. 

International experience shows that, in general, nuclear installations can withstand 
seismic events well in excess of their original design. In order to obtain a more realistic 
picture of the actual capacity of the plant, a seismic margin assessment (SMA) on those 
SSCs that are essential to manage the ultimate cliff edge mitigation was performed. 

The purpose of the SMA was to obtain a more realistic idea of the capability of the plant, 
to detect any vulnerability, and any improvements that would enhance the plant’s 
capability to cope with a seismic event that exceeds the design basis of the plant. 

4.3.1 Seismic Margin Assessment 

In order to scope the seismic margin assessment, a review level earthquake (RLE) is 
initially defined. This RLE is the level up to which a detailed assessment of the equipment 
is performed. For this assessment, it was decided that the RLE be defined at 0.5 g PGA. 
This is based on initial studies showing that key tanks would be limiting and survive to 
just more than 0.5 g. The value is in excess of 1.5 times Koeberg’s design basis SSE. 

The time to conduct this study was limited, and as there were no planned outages during 
that period, containment entry was not possible. Two different strategies were therefore 
chosen to assess SSCs inside and outside the containment. The methodology used to 
initially assess primary system components inside the containment involved a 
conservative deterministic approach that used the margins available under LOCA+SSE 
conditions (stated in the existing plant documentation) to determine the stress margins 
available under elevated seismic conditions only. This approach was adopted as seismic 
walkdowns inside the containment were not possible. 

Since the LOCA load case governs the design of the primary system and associated 
equipment, there is margin between the actual seismic loading and maximum allowable 
loads under LOCA+SSE conditions. For the piping and equipment on the primary system, 
this additional seismic design margin is quantified to determine the peak ground 
acceleration required for reaching the equipment and system design stresses. This 
methodology is in line with the assessment key assumption of design basis accidents not 
occurring concurrent with external events. 

The determined SSC PGA values are the minimum due to the conservatism inherent in 
the assessment process. Supports associated with the primary circuit components are 
analysed together with the component. 

The scope of equipment initially reviewed inside the containment using this methodology 
covered the following equipment and their supports: 

• reactor pressure vessel (RPV) and internals;

• control rod drive mechanisms (CRDMs);
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• primary pumps;

• steam generators (SG);

• pressuriser, PORV block valves and safety valves;

• primary piping and surge line; and

• main steam and feedwater piping;

For SSC outside the containment, the seismic margin approach (SMA) was used. The 
existing SMA methodologies require plant walkdowns by seismic experts. During the 
initial screening and walkdowns, seismic capacities were assigned to specific SSC. The 
results of the walkdowns were used to screen components into two groups, those that 
have capacities greater than the RLE, and those that are potentially less. Where 
capacities are found to be in excess of the RLE, further assessment for this equipment is 
not required. Any equipment assessed yielding a lower capacity than RLE is assessed in 
more detail, using the conservative deterministic failure method (CDFM) of analysis. 

The same SMA methodology was used later for the assessment of SSC inside the unit 1 
and unit 2 containments during outages 120 and 219 respectively. The following SSCs 
were assessed: 

• all primary system components previously assessed;

• RIC thermocouple functionality;

• RCP connecting pipework from penetration to the RCP system;

• containment penetrations, including electrical and mechanical penetrations,
equipment hatch, and airlocks;

• RRA system;

• containment spray headers;

• containment radiation monitors;

• critical indication sensors and cabling;

• hydrogen recombiners (PARs);

• accumulators and injection lines; and

• containment polar crane, PMC crane, and lifting bars.

The seismic capacity of all SSC is quantified and stated in terms of the peak ground 
acceleration rather than the spectral acceleration to maintain a common reference that is 
usable for comparing equipment to each other. 

In a limited number of cases, the fragility approach (FA) was used to determine high-
confidence-low-probability of failure (HCLPF) values for buildings, and other SSC, such 
as small-bore piping and electrical cabinets, which proved to be too complex to assess 
given the limited time. This approach quantifies the conservatism in the input ground 
motion, floor response, and other contributors to conservatism in the design process. The 
fragility factors and their associated uncertainty and randomness variables were 
quantified to determine an HCLPF value for buildings on and off the raft that were 
designed for the SSE. The HCLPF value is expressed in terms of PGA, and represents 
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the seismic capacity which is inherent in the structures as a result of the conservatism 
introduced during the design process. 

Tanks were generally evaluated using finite element analysis and the methodology used 
to assess the tanks is described below. 

4.3.2 SMA Methodology 

The process of SMA is a well-documented and internationally accepted method of 
determining the seismic capability of a nuclear power plant. The SMA process includes 
the identification of a review level earthquake, identification of critical plant systems and 
plant line-ups down to component level, seismic walkdowns of selected components or 
groups of components by experienced seismic capability engineers, assigning seismic 
capacities to equipment, and further assessment of equipment that do not meet 
screening criteria. 

The review level earthquake was chosen to be an earthquake with a 0.5 g PGA. The 
essential systems and components listed below served as the scope of the SSC 
assessed during for the SMA assessment. This scope is based on the essential 
equipment required to reach and maintain a safe shutdown state after a seismic event. 
Each SSC in the scope is assessed to determine ruggedness to cope in a seismic event. 
This is primarily based on international experience which is consolidated in seismic 
databases such as the GERS (Generic Equipment Ruggedness Spectra). In order to 
assess the applicability of these databases to the equipment on the site, the existing SMA 
methodologies require plant walkdowns by seismic experts who are familiar with the 
earthquake database which provides capacities of different classes of components based 
on real earthquake performance of seismic test data. 

Walkdowns of the systems and components were carried out and seismic capacities, in 
terms of PGA, were assigned ranging from 0.7 g for rugged components to 0.01 g for 
components deemed to be seismically deficient. During the walkdowns the SSC were 
assessed against a series of caveats, which determines if the experience data is 
applicable to the equipment or not. Equipment seismic capacities were assigned on this 
basis. 

If equipment is found to be in excess of the RLE and all caveats are met, detailed 
analysis for this equipment is not required. However, any equipment found to have a 
lower capacity or not meeting all the caveats, is assessed further. 

The majority of equipment included in the scope of the project was found to be rugged, 
but areas of low seismic margin on some equipment were apparent. 

The assessment of equipment that did not meet the screening criteria was performed 
using the conservative deterministic failure margin (CDFM) method of calculating seismic 
capacity. This part of the SMA approach relies on the availability of existing plant specific 
calculations, design data, as well as generic equipment ruggedness spectra. The method 
also requires scaling of existing ground motion response spectra (GMRS) and existing in-
floor structural response spectra (FRS) to generate FRS for the RLE. This assessment 
uses the original design basis Dames and Moore input ground motion. Direct scaling of 
the FRS in the horizontal direction at Koeberg is not possible due to the effect of the 
aseismic bearings, which are capable of sliding, thus introducing an element of non-
linearity. This means that the horizontal acceleration will not increase above a certain 
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level, i.e. the nuclear island starts to slide. The vertical acceleration does however 
increase linearly. 

The vertical acceleration was therefore conservatively used to compute the seismic 
demand for components requiring assessment using the CDFM method of calculating an 
HCLPF value for components. The seismic capacity of equipment was calculated using 
data from existing plant documents or generic equipment ruggedness spectra (GERS), 
generic equipment capacities stated from the experience databases in the reference 
documents or additional calculations. Due to a lack of detailed design calculations for 
certain piping and pipe supports, assumptions were made to utilise summarised 
calculation data to calculate equipment capacities. GERS or design specification data 
was utilised to compute capacities for valves, motors, heat exchangers, and other items. 

The scope of the mechanical systems reviewed outside the containment included: 

• ASG emergency feedwater system;

• VVP lines and GCT to atmosphere;

• RCV charging;

• normal seal injection;

• RIS safety injection and PTR gravity feed;

• EAS containment spray and back-up to RIS;

• LHP, LHQ, LHS diesel generators; and

• REA boron and water systems.

The scope of the electrical systems analysed included: 

• LHA and LHB switchboards;

• LBA, LBB, LBC, LBD, LBE, and LBF switchboards and batteries;

• LCA and LCB switchboards and batteries;

• LNA, LNB, LNC, LND switchboards; and

• cabling runs from diesel generators to switchboards and cabling runs from LHA and
LHB to RIS, EAS, RCV, REA, JPP, and ASG.

The electrical supplies were limited to on-site supplies as the off-site supplies are not 
seismically robust. As the SBO diesel building and supply is not seismically robust, this 
was not assessed further. 

Due to time constraints the scope was limited but it still ensured the assessment of at 
least one success path for all key functional needs. Due to its complexity, RRI was not 
included but the alternative ASG cooling and its long-term make-up supplies were 
evaluated. In line with the level assumption of the overall external events methodology, 
the ventilation systems are not considered as portable options will be procured. 

Generally, control and instrumentation was not assessed due to its complexity, as it is 
envisaged that a hardened instrumentation system will be implemented for critical 
parameters. Although preferred, remote control of equipment is not considered essential, 
as local operation is considered the final option available. 
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The instrumentation equipment included in the scope of the assessment is limited to 
equipment required to monitor specific critical parameters such as temperature, pressure, 
and inventory levels in NSSS. The equipment included in the assessment are devices 
that measure temperature, pressure, level, and flow, as well as the ancillary equipment 
required to ensure that the measurements are available after an RLE. Instrumentation 
equipment, cables, and cable trays are assessed by walkdown for structural and 
interaction issues. A limited number of instrumentation equipment is assessed for 
equipment functionality by reviewing the available seismic test reports. 

4.3.3 Buildings and Structures Seismic Assessment Methodology 

The assessment of each building or structure is based on observations made during site 
walkdowns, inspections, review of construction drawings, and reinforcement details 
(where available). The factors that determine the seismic resistance of buildings and 
structures are structural continuity, regularity, stiffness, mass distribution, and 
redundancy. 

Due to a time constraint and complications with reproducing the original stick models of 
the Koeberg plant, it was not possible to analyse all the buildings or building components 
using the CDFM approach. In order to determine an HCLPF value for the buildings, a 
seismic fragility approach had to be adopted. This process, unlike the CDFM method, 
requires conservatism in the various stages of the design of the structures to be 
computed. This is done by computing various factors and associated uncertainty 
parameters. The conservatism in the GMRS, FRS, structural design, etc. was calculated 
for structures on and off the nuclear island (NI). A fragility approach HCLPF value was 
calculated for the vertical and horizontal response which is applicable to any structure 
designed for the design basis SSE on or off the NI. 

As there are seismic class 1 buildings situated both on and off the nuclear island, two 
sets of building results are calculated. The nuclear island buildings include the reactor 
buildings, fuel buildings, electrical buildings, nuclear auxiliary buildings, connecting 
buildings, ASG tank rooms, and emergency diesel generators 1 LHP and 2 LHP. 

For these nuclear island buildings, the HCLPF values were calculated as 0.75 g for 
horizontal and a more limiting 0.63 g for vertical acceleration. 

Important buildings off the nuclear island include the SEC pumphouse and galleries, 
turbine hall, and emergency diesel generators 1 LHQ, 2 LHQ, and 9 LHS. These 
buildings have a lower HCLPF value of 0.49 g. 

The point at which the upper raft collides with the NI retaining wall is still in the process of 
being calculated, as this requires a sensitivity study, which cannot be performed until the 
stick model of the Koeberg plant has been verified. Based on previous analyses, it has 
been demonstrated that up to 150 mm of displacement can occur at 0.3 g. It is currently 
postulated that collision with the NI retaining walls is anticipated to occur above 0.7 g, but 
further analysis is being performed. 

The scope of the building assessment includes: 

• the containment building;

• the NAB;

• the electrical building;
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• the fuel building, including the spent fuel pool and supporting structures;

• the diesel buildings;

• the handling gantries;

• the SEC pumphouse, including JPP tanks; and

• the SEC galleries.

The other support buildings that may be important for recovery operations after a seismic 
event were assessed using a qualitative approach to assess their seismic robustness 
with respect to an SSE. These are: 

• the fire station building;

• the SBO diesel building;

• the ACP2 building, which houses the ECC;

• the main administration building;

• the ISI building where equipment and tools used for the primary system are stored;

• the vehicle inspection bay (VIB) at ACP1 as a potential storage location for critical
portable equipment; and

• the HV yard and SF6 tunnels.

4.3.4 Seismic Assessment Methodology for Tanks 

There are several steel and concrete liquid storage tanks on the Koeberg plant that could 
be required for response to or clean-up after a design basis seismic event. 

The assessment of vertical metal storage tanks was undertaken using a finite element 
analysis approach. This approach included the effects of sloshing in the tank and 
included several design checks associated with a flat-bottomed vertical tank assessment 
[11]. The tanks were analysed under static conditions which considers the dead load of 
the tank and hydrostatic load of water and these are combined with seismic loading. The 
ASG, XPA, SED, SER, REA (water), and SEK tanks were assessed to determine their 
resistance to sliding (for unanchored tanks), resistance to overturning, deflections of the 
cylindrical tank wall, and the stresses in the tank wall. The REA boron tanks were 
assessed using their original design calculations. Factors of safety were calculated for 
each failure mode and the lowest factor of safety was used to determine a conservative 
deterministic failure PGA. The factors of safety calculated from the maximum stresses 
versus the code allowable stress produced the limiting value. The XPA tanks were found 
to be relatively robust, while the larger tanks generally were found to have values ranging 
between 0.3 g and 0.6 g. 

The SEP concrete water tanks were assessed by finite element analysis and comparing 
the resultant stresses to the capacity calculated in accordance with ACI 349. A slope 
stability analysis was also carried out. From the analyses it was concluded that slope 
failure could occur during the SSE and that structural capacity of the roof tank slab was 
exceeded. These calculations were however not undertaken with the intent of 
determining the CDFM, and it is postulated that these tanks may survive the SSE with 
local damage if the inherent conservatism in the design codes are considered further. 
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The SEC pumphouse has an HCLPF value of 0.49 g for level C ductility in the horizontal 
direction, and an HCLPF value of 0.62 g in the vertical direction. The JPP tanks are part 
of the concrete structure of the pumphouse and a level C ductility is applicable to the JPP 
tanks, which are susceptible to leaking in the event of cracking following a seismic event. 
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