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Abstract 
 
This paper will explore how the likelihood of seismic activity changes following a large 
seismic event, and the implications on the Actuarial process, including pricing and 
reserving. 
 
It will utilise many historical examples, data from Munich Re’s global natural hazard 
assessment tools, and input from scientific experts to explore how Actuaries can 
improve their models and the other aspects that may need to be considered after a 
major seismic event. 
 
Keywords: Seismic, Earthquake, Tsunami, Catastrophe, Pricing, Reserving, 
Outstanding Claims Liabilities, Premium Liabilities, Risk Margin, Actuarial Landscape. 
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1 Introduction 

 
Large seismic events have destroyed cities and brought about the decline of 
civilisations. The threat from such events is no less potent today than it was thousands 
of years ago. In fact, the increase in the size and urbanisation of the world’s 
population over the last hundred years means there are more people than ever 
living in or near areas of seismic risk. This means that despite our better understanding 
of the risks, the threat is greater than ever. 

Seismic events are any movement in the Earth leading to a release of energy via an 
earthquake, tremor or volcanic eruption. They occur predominately due to the 
release of built up pressure deep underground, and can cause widespread damage 
on the Earth’s surface. The main risk to humans is from man-made structures 
collapsing, igniting or critical infrastructure failing, but these events can also trigger 
secondary events such as tsunamis, landslides, fires, floods and further seismic 
activity.  

Actuaries are required to price insurance and reinsurance risks and to project future 
liabilities. They therefore need to understand the impact that a seismic event can 
have, and the possible risks and changes to risk after an event.  From an insurance 
perspective, this means focussing not only on property damage, but also business 
interruption, and worker’s compensation insurance, much of which may be covered 
by reinsurance treaties. 

To adequately price these risks as a primary insurer or reinsurer, seismic risk models 
need to be built, which incorporate scientific expertise and many years of global 
experience. After an event, these models may need to be revisited. 

This paper aims to give an overview of the key risk factors that need to be 
considered in such a model, to improve Actuaries’ knowledge of seismic risk, and to 
explain how and why seismic models may need to be revisited after an event. It will 
then focus on the Actuarial aspects that may need to be considered following a 
seismic event. 

It is the hope of the author that this will then improve decision making, and fuel future 
research and collaboration with scientific experts. 
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2 Risk Factors 

Every seismic event is unique. The Earth’s crust is constantly moving and changing, so 
the conditions causing, or the consequences of each event are never identical. As 
human activity changes, the impact that events have on us also changes. 

While geological models predict the frequency and severity of events, that is, the 
seismic hazard, actuarial models also need to consider the vulnerability of the 
location, that is, the human and insurance impacts that an event can trigger. 

The key risk factors that affect the seismic hazard are outlined in Sections 2.1 to 2.7. 
To utilise these factors in a model requires many years of global historical data and 
should have input from scientific experts including geophysicists, seismologists, 
geologists and volcanologists. 

Scientific literature on how to model seismic risk from an insurance or reinsurance 
perspective can be found since the late 1960s. The key factors affecting the 
vulnerability of the location, and a discussion of the insurance and reinsurance 
considerations that should be incorporated into an actuarial model are discussed in 
Section 2.8. 

2.1 Previous Seismic Activity 

One of the best predictors of future seismic activity is past experience. Known areas 
of high seismicity are generally more likely to continue to display this behaviour.  

This can be seen in Figures 2.1.1 and 2.1.2 below, which show the recorded seismic 
activity from 1898 to 2003, and the location of the world’s volcanoes. The areas of 
high seismic and volcanic activity are near known fault lines, most notably the “ring 
of fire” region in South East Asia, and the borders of the Pacific plate. 

 



How Seismic Activity Changes the Actuarial Landscape 
 

6 
 

 

Figure 2.1.1: Earthquakes of magnitude 4.0 or greater from 1898 to 2003; each is 
marked in a lightning-bug hue that glows brighter with increasing magnitude. 
(Mustain, 2012, Map produced by: Nelson J, IDV Solutions). 

 

Figure 2.1.2: The world’s volcanoes (Munich Re, 2012). 
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Areas which have previously not displayed any seismic activity and are not near any 
known fault lines or active volcanoes are generally less likely to have frequent or 
severe activity in the future. 

Whilst a good starting point, recorded history is sometimes not enough to measure 
areas of seismic risk. For example, the Christchurch Earthquakes of 2010/2011 
occurred on fault lines that were previously not known to exist, as they have not 
been active in thousands of years. 

2.2 Amount of Energy 

A seismic event occurs when there is a large release of energy from stress built up in 
the Earth. The amount of energy released affects the magnitude of an event, that is, 
the more energy, the higher the magnitude of the event. 

Whilst the Richter scale is still widely used in the media, today the magnitude of 
earthquakes is measured by scientists on the Moment Magnitude scale. The Richter 
magnitude is determined by the logarithm of the amplitude of the measured waves, 
and falls short at measuring events above magnitude 8.3 (Hanks, 1979). The Moment 
Magnitude scale is related to the amount of energy released and overcomes the 
problems that the Richter scale has with events above magnitude 8.3. 

2.2.1 The Gutenberg-Richter Law 

There is a scientific relationship between the frequency and magnitude of 
earthquakes, outlined by the Gutenberg-Richter law (Gutenberg and Richter, 1954).  

Where N is equal to the number of events in a chosen time period, M is the 
magnitude of the event and a and b are constants, the Gutenberg-Richter law 
states that:  

N = 10

 

(a-bM) 

Figure 2.2.1: A graphical example of the Gutenberg-Richter law 

Figure 2.2.1 shows the relationship graphically, and the likelihood of a magnitude M 
event occurring. As the b-value is typically close to 1, this relationship implies that for 
every ten magnitude 7 earthquakes in a given time frame, we would expect one 
magnitude 8 earthquake. 
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The constants a and b will vary by fault line and region, however this equation has 
proven to hold true and is well regarded in the scientific community.  

2.3 Depth 

Earthquakes that are noticeable on the surface of the Earth can occur up to 700km 
below the surface. The depth of an event is a key factor for the ground motion 
intensity of the event, and the amount of damage that occurs. The deeper the 
event, the further seismic waves have to travel to reach the surface, which causes 
less intensity at the surface and a less severe event. 
 
One of the main factors contributing to the destruction in the February 2011 
Christchurch earthquake was that it occurred at a depth of only 5km. This particularly 
shallow depth led to a much higher level of intensity at the surface that would have 
been experienced from a similar magnitude but much deeper event (Amos, 2011).  

2.4 Location and Fault Line 

As mentioned in Section 2.1, some locations are more prone to seismic activity than 
others. This is partially due to proximity to fault lines, but also because each fault-line 
is unique. Some faults are highly active, and more prone to the build-up and release 
of stress, whereas some do not exhibit nearly as much seismic activity.  

Further to this, each geographical location has its own unique characteristics. For 
example, due to its low lying coastal cities, Japan is vulnerable to not only 
Earthquake, but also Tsunami risk. Although they are close to fault lines, Chile’s major 
cities are at high enough altitude to not be at risk of Tsunami. 

The local topography can also contribute to the magnitude of the event. For 
example, during the Christchurch Earthquakes of 2010/2011, the mountains to the 
south and west of Christchurch reflected the initial seismic waves back towards the 
city, causing them to superimpose with other waves. This led to much higher 
amplitude waves, larger ground motion and longer duration of the shaking, and thus 
more structural damage to properties. 

2.5 Wave Types and Direction 

There are four different types of waves generated from seismic activity. This first, P-
waves (Primary or Pressure waves) are fast-travelling compression waves. The 
second, S-waves (Secondary or Sheer waves) move perpendicularly to the direction 
of travel and are more destructive than P-waves. The third and fourth, Love and 
Raleigh waves, occur at the surface and are responsible for most of the structural 
damage caused. Love waves cause horizontal vibrations, whereas Raleigh waves 
cause vertical movement (Exploratorium). 

The magnitude and direction of each of the wave types generated heavily 
influences the impact of the event. The vertical and horizontal movements can have 
different effects on different soils, and can in some instances lead to liquefaction 
(see Section 2.7). 
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2.6 Soil Type 

The type of soil can greatly influence the severity of damage caused by seismic 
activity.  

The great 1906 San Francisco Earthquake prompted unprecedented research by the 
United States into seismic movement, in particular to the San Andreas fault. As 
damage assessment was documented, it became clear that buildings on solid rock 
or highly compacted soil showed less damage than those on artificially filled ground, 
swamps, and sandy soils (USGS). This experience has been mirrored in subsequent 
earthquakes around the globe. 

Compacted soils or solid rock tend to result in smaller amplitudes of the seismic 
waves, whereas softer soils experience higher amplification of vibrations, and also 
have the potential for liquefaction (USGS). 

2.7 Liquefaction 

Liquefaction is a process that can occur from seismic activity, where through 
saturation with water, intense shaking and pressure, soil takes on properties of liquids, 
and loses its strength and ability to support buildings and structures. Areas with sands, 
silts and soft soils that are below the water table are most at risk (USGS). 

Liquefaction can permanently alter localised areas, and seriously damage the 
foundations of buildings and other underground structures such as sewage and gas 
pipes and cables.  

Engineering solutions can prevent liquefaction damage from the event, as long as 
the seismic risk is well understood and allowed for. Soil can be remediated after an 
event, but can be expensive and is not always viable. 

Liquefaction caused widespread damage in the following earthquakes: Nigata 
(1964), Loma Prieta (1989), Kobe (1995) and Christchurch (2011). 

2.8 Vulnerability, Insurance and Reinsurance Considerations 

Once the seismic risk factors have been modelled, Actuaries need to consider how 
an event will affect their company’s Insurance or Reinsurance portfolio.  

The world’s economies are now so interconnected that large events can cause 
insurance losses on the other side of the world. Examples of this are the Thailand 
Floods of 2011, or the Japanese (Tohoku) Earthquake, Tsunami and Nuclear Reactor 
Incident at Fukushima in 2011, where business interruption claims occurred from 
companies all around the world who relied on imports or production from Thailand 
and Japan. 

Key insurance or reinsurance risk factors that need to be considered include: 

• the level of risk concentration in the portfolio, including reinsurance coverage, 
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• the insurance penetration in the region, and if underinsurance is an issue, 
including whether seismic events are covered or excluded from policies, and 
any government policy or schemes regarding catastrophe insurance, 

• how vulnerable the insured properties are to seismic damage, 

• potential claims from other insurance classes such as business interruption and 
worker’s compensation, 

• the cost of repairs and rebuilding following an event. This will be dependent 
on many factors such as the type of structure, the cost of labour, building 
materials and temporary accommodation, and the local building standards. 
It may include land remediation costs if liquefaction occurs. Significant events 
can also trigger demand surges that increase these costs, 

• the impact of possible secondary events such as aftershocks (see Section 3.3), 
landslides, fires, floods, and tsunamis (see Section 3.5). 
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3 Seismic Risks - After an Event 

When a seismic event occurs, the risk factors for future seismic activity should be 
reassessed to ensure that the models used reflect up to date information. Section 4 
discusses this reassessment further. 

Further to this, seismic activity is generally not limited to one single earthquake. There 
is strong evidence that earthquake activity is not stationary in time or space. Some 
regions have been seen to show periods of continued high seismic activity, then long 
periods of inactivity (Board on Earth Sciences and Resources, 2003). An event could 
be the beginning of a new period of seismic activity, a foreshock to a larger event or 
the trigger for many nearby aftershocks in the near future. 

Seismic events can also trigger events such as tsunamis, fires, landslides and floods, 
which need to be taken into consideration when modelling risk after an event. 

3.1 Identifying new risks 

Once an event occurs, the seismic risk modeller needs to ask whether or not the 
location and type of event was catered for in the model. The model will need to be 
recalibrated to incorporate the new data, and a reassessment of return periods for 
similar events may be in order. 

Further to this, an event may be the beginning of a period of heightened activity in 
an area, such as in Christchurch in 2010 and 2011, where old inactive fault lines 
suddenly started showing movement.  

3.2 Foreshocks 

A foreshock is a seismic movement that precedes a much larger one in 
approximately the same location. Foreshock activity has been detected for around 
70% of events of magnitude greater than 7.0 (Kayal, 2008). 

Much scientific research has gone into the prediction and forecasting of the location 
and magnitude of earthquakes based on the lead up of small shocks. All attempts at 
short-term prediction of earthquakes have so far proven unsuccessful and few 
seismologists believe prediction will be possible in the near future. 

As there is currently no accepted scientific method for determining whether a 
seismic event is a precursor to a much larger event or not, it can only truly be 
classified as a foreshock when a larger seismic movement occurs shortly after and in 
close vicinity. 

Whilst there is a need to consider and allow for the possibility that an event is a 
foreshock when modelling the short-term seismic risks, it is currently very difficult to 
quantify. 
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3.3 Aftershocks 

Aftershocks are smaller magnitude earthquakes following an event. They are 
responses to the stress changes from the initial fault movement and have been 
known to increase the local seismicity significantly. 

3.3.1 The modified Omori Law 

In 1894, Omori first proposed a relationship for the frequency and decay of 
aftershocks over time. This was enhanced by the modified Omori law (Utsu, 1961), 
which states that where n(t) is the number of aftershocks in time t after an event, k is 
the size of the initial shock, and c and p are constants: 

n(t) = k / (c+t)p

Omori’s law states that after an event, many aftershocks will occur, but the 
frequency of aftershocks will decay exponentially over time. Whilst the mathematical 
relationship does not change, the constants c and p vary from region to region and 
from each event. 

  

 

Figure 3.3.1: Aftershock decay of the 1994, 6.7 magnitude Northridge (California) 
earthquake (Mignan, 2008) 

Figure 3.3.1 above shows the aftershock activity after the 1994 Northridge 
earthquake in California. The modified Omori law was accurate in projecting the 
decay of the frequency of aftershocks. 

The modified Omori Law has proven to be accurate in general, that is aftershock 
frequency after an event tends to follow a simple decay pattern. It is worth noting 
that the Omori and modified Omori laws only measure the frequency, not the 
severity of aftershocks. 

3.3.2 Aftershock Impact Zones 

Research into aftershocks has shown that the area likely to be affected by 
aftershocks is large immediately after a seismic event, but reduces over time.  
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Figure 3.3.2.1: Aftershock impact zone – the distance from the event epicentre over 
time (De Rubeis, Loreto, Pietronero and Tosi, 2006). 
 
Figures 3.3.2.1 shows that following an event, aftershocks can occur up to a great 
distance from the original epicentre, but this distance will reduce over time. For 
example, after ten days, aftershocks can occur up to 2000km from the epicentre, 
but this reduces to 600km after one hundred days and 150km after one thousand 
days. 
 
Note that the scale on both axes of the graph is logarithmic and that aftershocks are 
more likely to occur within close proximity to the original event. 

3.3.3 The Effect of Aftershocks 

Whilst most of the physical damage from seismic events occurs from the largest 
magnitude shock rather than aftershocks, continued shaking of the earth can further 
weaken and have been known to collapse already damaged structures. The 
continuation of aftershocks can also have psychological effects on the inhabitants 
of the affected area and cause further disruption to business. 
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Should a large event occur close to an area of high exposure, such as a city, there is 
the potential that an aftershock may occur within the area and cause considerable 
damage. 

3.4 Changes in Seismic Stress 

In the past, seismologists believed that once a major seismic event occurs, the fault 
would remain dormant until enough stress built up in the Earth’s crust for another 
event to occur. Recent studies have shown that when stress is released from a 
seismic event, it does not simply disappear, but can causes changes to the stress 
levels up and down the fault line which can then lead to further events. This theory is 
called Coulomb stress triggering, and is a promising advancement in seismic 
forecasting. 

To understand Coulomb stresses, seismologists calculate stress changes along and 
near fault lines after an event. This allows them to pinpoint which areas are most at 
risk of a seismic event, i.e. a large release of stress energy. 

Once an event has taken place, new distributions of stress need to be calculated , 
which will show increases in stress in some areas, meaning higher seismic event 
potential, and decreases in stress in others, meaning lower seismic event potential. 

The following two figures show two real examples (Turkey and Japan) of how seismic 
stresses can change after an event.  

 

Figure 3.4.1: Changes in the Coulomb failure stress along the North Anatolian fault, 
following the 1939 Earthquake in Turkey. (Stein, Barka and Dieterich, 1997) 
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Figure 3.4.2 – Changes in Coulomb Stress following the 2011, 9.0 Magnitude Tohoku 
Earthquake (Toda, Lin and Stein, 2011). 

Figure 3.4.1 shows the changes in Coulomb Stress along the North Anatolian fault line 
following the 1939 earthquake in Turkey. The source of the seismic activity can be 
seen by the white line. The colour indicates the stress release or increase as a result of 
the seismic event, with large decreases in Coulomb Stress being represented by 
purple, and large increases by red. 

Figure 3.4.2 shows the changes in Coulomb Stress following the 2011 earthquake in 
Tohoku, Japan. The seismic epicentre is shown by the yellow star, and the colour 
indicates the stress release or increase as a result of the event. Large decreases in 
Coulomb Stress are represented by blue, and large increases by red. 

In both examples, stress has been released mainly within the fault rupture area, 
however there have been increases in the Coulomb stresses in nearby locations 
concentrated along the rupture plane boundaries, which could increase future 
seismic activity in those locations. 

3.5 Secondary Events 

Seismic events can also trigger secondary events, such as tsunamis, fires, landslides 
and floods.  

Tsunamis are very large ocean waves which can be generated by underwater 
seismic events. They occur immediately after seismic events, and can cause 
widespread damage to coastal areas, offshore facilities and shipping facilities. 
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Recent examples include the 2004 Indian Ocean earthquake and tsunami, and the 
2011 Japanese earthquake and tsunami which triggered the Fukushima nuclear 
incident. 

There are many ways that seismic events can trigger fires, such as by damaging gas 
pipes, power cables and electrical equipment. When widespread fire occurs, it can 
be more devastating that the original event, especially if the water systems used for 
fire hydrants are ruptured. The most notable example of this was the 1906 San 
Francisco Earthquake, after which the city was on fire for three days (USGS). 

Seismic events can also trigger changes in the local topography and water table. 
This can lead to landslides and flooding either from the event, or in the future when 
heavy rainfall occurs. If there have been significant movements in the land and 
water table, then the future landslide and flooding risks may need to be re-
evaluated. 

Flooding can also occur by or after an event if there has been damage to man-
made hydrological structures such as dams, levees, dykes or flood barriers. An 
assessment of such critical infrastructure should take place after an event to ensure 
that this risk has been properly mitigated. 
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4 Actuarial Considerations - After an Event 

Once an event has occurred, and the seismic risk has been reassessed, Actuaries 
need to understand the possible risks and changes to risk after an event, so that they 
can price insurance and reinsurance risks and allow for future exposures and 
liabilities. 

This section examines the specific issues that should be considered by an Actuary 
after a seismic event, and the various assumptions that may need to be revisited. 

4.1 Pricing 

After an event, the assumptions underlying seismic risk models outlined in Section 2 
may need to be revisited. This will allow adequate technical pricing of new business 
and reinsurance treaties. Market conditions and commercial decisions will also 
influence the level of price increases. 

The first area that needs to be examined is whether or not the seismic event was 
included as a scenario in the risk model. That is, was there evidence of past seismic 
activity in the region, or was future activity expected? If the model expected such 
an event then no change may be needed, otherwise the model assumptions and 
scenarios may need to be updated. 

Secondly, if the event is far outside the expected seismic activity of the area, the 
constant assumptions for the Gutenberg-Richter Law relating to the amount of 
energy released from a seismic event in the area may need to be updated. A 
reassessment of return periods for such an event may also need to be considered. 

Thirdly, the event may provide greater insights into the interactions between seismic 
movements and the local environment, including the discovery of new fault lines, the 
likelihood of liquefaction and details of the soil type of the area. Again, if the model 
expected such an event, then these assumptions may not need to be revisited, but 
re-examining the scenario in the risk model to ensure that the assumptions are up to 
date would be prudent. 

Fourthly, Actuaries need to consider the Insurance and Reinsurance implications of 
the event. If an Insurer’s Reinsurance limits have been fully utilised, then additional 
reinsurance coverage may need to be purchased, and a review of the future 
reinsurance arrangements may be in order. 

Fifthly, Actuaries need to consider the short to medium term effects of the event. The 
event could possibly be a foreshock to a larger event, there could be many 
aftershocks in the near vicinity especially after large magnitude events, and the 
changes in Coulomb Stresses in the region could lead to either an increased or 
decreased chance of future events nearby.  

It is also possible that a lot of the damage that could be done from seismic 
movements has already occurred from the initial event, so this should also be 
considered. That is, the buildings that were likely to collapse from seismic movements 
have already. 
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Finally, an assessment of the impact of the event on local infrastructure should be 
conducted to ensure that the damage caused from the event does not lead to 
secondary events such as flooding. 

4.2 Outstanding Claims Liabilities  

As with any major catastrophe, estimating the insurance liabilities of large seismic 
events is difficult. Claims can emerge over a long period of time, and estimates of 
the costs of repairs and rebuilding may vary difficult due to supply constraints in 
assessors, labour and building materials. If there are a significant number of 
aftershocks, rebuilding may be delayed, and land remediation for liquefaction 
affected areas can be expensive. 

Rebuilding did not take place immediately after the 2010/2011 Christchurch 
Earthquakes due to the continued seismic activity. If damage from this continued 
activity and aftershocks is later attributed to the main shocks, this could impact the 
outstanding claims liabilities. Widespread damage also mean delays in the accurate 
assessment of the repair and rebuilding costs, causing uncertainty in the outstanding 
claims liabilities estimation. 

There may also be event-specific aspects that need to be considered that relate to 
the Outstanding Claims Liabilities. The response to the event could lead to increases 
in costs. An example is the Christchurch Earthquakes, where the government has 
proposed to increase the building standards in respect of earthquakes and is 
proposing that insurers will have to improve damaged buildings to the new, stronger 
standards. If passed, this would greatly increase the Outstanding Claims Liabilities 
relating to these events. 

On the other hand, the response could lead to decreased costs, for example if the 
government provides assistance with claim payments or gains efficiencies through 
streamlining the claims or dispute resolution procedures. 

The claims handling expenses (CHE) assumption for the Outstanding Claims may also 
need to be reassessed. Large events generally have higher CHE due to the need for 
increased: additional staff at short notice (often on a contractual basis), overtime 
payments, loss assessing costs, and sometimes project management costs.  

4.3 Premium Liabilities 

Once an event occurs, the unexpired portion of Insurance or Reinsurance risk will 
change. When assessing the Premium Liabilities, Actuaries need to consider that the 
event could potentially be a foreshock, there could be many aftershocks in the 
vicinity, and the Coulomb Stress changes may lead to an increased or decreased 
chance of another event in the future depending on the new stress pattern and 
potential new faults that could be activated. 

Actuaries should also consider the amount of claims already in the insurance or 
reinsurance portfolio. If many of the properties have been destroyed or damaged, 
there may be little potential for future losses, however further seismic activity may 
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weaken already damaged structures. Similarly the reinsurance limits and 
reinstatements may need to be examined to ensure that adequate coverage is in 
place for future events. 

Any changes to the seismic risk models as described in Section 4.1 will also need to 
be considered when estimating the catastrophe loadings for the Premium Liabilities. 

4.4 Risk Margins 

As mentioned in Sections 4.2 and 4.3, after a seismic event there is increased 
uncertainty around both the Outstanding Claims and Premium Liabilities. One way 
that Actuaries can allow for this uncertainty and volatility is through changes to the 
Risk Margins. 

For the Outstanding Claims Liabilities, changes to the Risk Margins should reflect the 
potential volatility in claims costs due to demand spikes, event-specific aspects and 
general uncertainty surrounding the initial estimate of reserves. 

For the Premium Liabilities, changes to the Risk Margins should reflect changes to the 
seismic models, and the potential increase in future seismic activity should the event: 
be a foreshock, trigger many aftershocks, or significantly alter the underlying risks due 
to Coulomb Stress changes. 

Any such changes will need to consider the particulars of the insurance or 
reinsurance portfolio, including the amount of coverage and the reinsurance limits 
and reinstatements still available. 

5 Conclusion 

Seismic events are unique and can lead to further local seismic activity. To ensure 
the risk is correctly priced and reserved, the assumptions used in actuarial models 
need to be re-examined after such an event. 

Once the model has been recalibrated, Actuaries need to consider the short-term 
impact of continued seismic activity, including aftershocks and secondary events 
and the change in risk due to the change in Coulomb stresses in the area.  

Once an event occurs, Actuaries should consider re-assessing the technical pricing 
basis, and allowing for future seismic activity in the reserves. 

This area is a challenge for Actuaries, who should ideally utilise any available 
expertise in geophysics, seismology, geology, volcanology, underwriting and claims 
when forming an opinion. 
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